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Message from the Editor 


Cre 


This month we are pleased to feature Mr. André G. Clavier as our 
eminent microwave personality. His many contributions are well known 


to most members. His editorial speaks for itself. 


Included in this issue is a list of the members of the professional group. 


We hope that this will be an annual feature of the January issue. 


Editorial Board 


We would also like to announce a change in our editorial board. Mr. 
Wilbur L. Pritchard, who has recently been named Chairman of the 
Membership Committee, has been replaced by Mr. Ernest Wantuch of 
Raytheon Manufacturing Co., Bedford, Mass. 

—The Editor 
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A. G. Clavier 


A. G. Clavier was born in France in 1894. He graduated at 
the Sorbonne as “Licencie en Sciences Physiques et Mathéma- 
tiques” and received the diploma of Electrical Engineer from 
the Ecole Superieure d’Electricité (Paris) in 1920. 

He started his career of radio research as the head of one of 
the Laboratories of the French Signal Corps, in charge of mili- 
tary developments in the higher part of the radio-frequency 
spectrum. He was a member of the French jury supervising the 
famous amateur contest in 1923 for short-wave transatlantic 
communication. He was Secretary of the Redaction of “Onde 
Electrique” during its first years of existence (1922-1925). 

After a short stay with the International Western Electric 
in London (1925), and the Société Francaise Radioélectrique 
in Paris, he joined the International Telephone and Telegraph 
System in 1929 as a member of the staff of Laboratoire Stand- 
ard, which later became Laboratoire Central de Télécommuni- 
cations. He was Assistant Research Director in 1946 when he 
was transferred to Federal Telecommunication Laboratories. 
He was named a Technical Director of FTL in 1952 anda Vice 
President in 1955, acting as general coordinator for research 
and development activities. 

Mr. Clavier is widely recognized as a pioneer in the devel- 
opment of microwave communication. He played a major role 
in the first successful demonstration of microwave transmission 
across the English Channel (Calais to Dover) in 1931, and di- 
rected the project which led to the opening of the world’s first 
microwave radiotelephone and teleprinter link between Eng- 


land and France in 1934, He contributed to the theory and ap- 
plications of waveguides and their relationship with coaxial ca- 
bles (1937) and was among the first to recommend the use of 
electron transit times in microwave vacuum tubes (1939). In 
1941 he conducted with V. Altovsky a series of beyond-the- 
horizon propagation over the Mediterranean between Toulon 
and the Spanish and Algerian coasts. This work remained un- 
published on account of French Military classification. With 
the same co-worker, he established in 1945 a microwave trans- 
mission for 12 telephone channels using frequency division and 
frequency modulation at 3,000 megacycles per second between 
Paris and Montmorency. 

Mr. Clavier taught field theory and applications of ultra- 
high frequencies at the Ecole Superieure d’Electricité from 
1942 to 1945. He has written extensively on hf, uhf and shf ra- 
dio communication and on microwave vacuum tubes as well 
as electromagnetic theory. He is the author of some 70 patents 
in the field of telecommunications. 

Mr. Clavier is a Member of the French Society of Radio 
Engineers, a Membre Laureat of the Société Frangaise des 
Electriciens, a Member of the Institution of Electrical Engi- 
neers of Great Britain, and a Vice-President of the American 
Section of the Société des Ingenieurs Civils de France. He was 
made a Fellow of the American Institute of Electrical Engi- 
neers in 1953 for “pioneer work in research, development and 
engineering in the microwave field.” 

He has been a Fellow of the IRE since 1939. 


January 


689/ a6 


—. 


IRE TRANSACTIONS—-MICROWAVE THEORY AND TECHNIQUES 


Sie. 


“Wire” vs ““Wireless’” Communication 
A. G. CLAVIER 


Federal Telecommunication Laboratories 


Though the integration of all modes of electrical communi- 
cation is a practical fait accompli under the progress and aegis 
of the information theory, the fact remains that there is an 
undeniable and healthy competition between wire and wire- 
less means in almost all communication fields. I would like to 
devote this editorial to some aspects of this technical feud, 
and to be allowed to present some personal technical souvenirs 
at this occasion. 

I began my career on the radio side, and was at the start 
mainly concerned with military applications of the higher part 
of the radio frequency spectrum, which in 1920 we situated ina 
few hundreds of megacycles. We were quite enthused, of 
course, with the new technique, though at times we wondered 
whether General Ferrie, our boss, was not right when he would 
jokingly tell us that “had wireless communication come first, 
wire would have been considered a great improvement.” 

Yet, things were achieved with “wireless” that wire could 
not do. I remember how thrilling it was for me to hear on the 
radio transatlantic tests between Rocky Point and New South- 
gate (London) the voice of a Bell Telephone Laboratories engi- 
neer, who had participated in the tests in England and had 
just sailed back to the United States. Wire had achieved trans- 
atlantic telegraphy in 1857, but wireless had entered the field 
in 1901. and radio-telephone was opened to the public in 1927. 
This was the long-wave circuit, soon to be supplemented by 
the short-wave circuits in 1928. 

Is it not, therefore, somewhat of a shock to the radio engi- 
neer to have to acknowledge in 1954! that “no way has been 
found to provide (with short waves) day-to-day continuity and 
reliability comparable tc that of good wire lines!” The wire 
communication engineers have fought back successfully in this 
case. In spite of enormous difficulties, a transatlantic telephone 
cable is being laid to link the United Kingdom, Canada, and 
the United States, and is scheduled to be completed in 1956. 

Radio, however, which seems to have lost this round in the 
never-ending battle, has, meanwhile, invaded a well-guarded 
bailiwick of wire communication: the toll network of public 
telephone networks. This is a conquest of microwaves in a 
field where equal reliability of operation is necessary to com- 
pete. The Bell System in June, 1954 was providing more than 
five million telephone circuit miles by microwave radio. 

This line-of-sight microwave communication has had an 
added incentive due to the need for TV transmission. It had 
the drawback of requiring optical line-of-sight between suc- 
cessive repeater stations. However, recent experimental work 


1M. J. Kelly, Sir Gordon Radley, G. W. Gilman, and R. J. Halsey, 
“A Transatlantic Telephone Cable,” Proc. [.E.E. (London), Part B, vol. 
102, pp. 127-130; March, 1955. 


has shown that, provided suitable power and antenna gain is 
utilized, microwaves can be sent over the horizon at 200 miles 
or more. At this distance radio would seem to compete favor- 
ably with an expensive submarine cable, and regain some of 
the ground lost on the longer transatlantic routes. 

The guided propagation inside metallic pipes, the so-called 
waveguide, may change the picture in the future. Should the 
demand for more bandwidth increase, waveguides would give 
a means to obtain a tremendous capacity of radio and TV 
channels; and very high carrier frequencies would be used ad- 
vantageously, because in one mode of propagation (TE 01) 
they are less attenuated than lower frequencies, a fact estab- 
lished by both theory and experiment which came to light as 
a big surprise just before the Second World War broke out. 

Thus, wire and wireless are pushing each other along the 
route of progress. It is tempting to conclude, as an old pro- 
fessor of mine, who used to advocate the 1) thesis, 2) antithesis, 
and 3) synthesis theme for any lecture or discourse, would have 
done. The development of communication is going on at such 
a rate that both methods have ample possibilities. In its an- 
nual report for 1954, the Federal Communications Commis- 
sion starts by saying that its 20th anniversary saw the nation 
studded with 700,000 radio transmitters, 50 million telephones, 
and nearly 3.5 million channel miles of telegraph circuitry! 
Should this state of things be generalized to the whole planet, 
there would be need for all known communication means to 


~ provide the required facilities. In some cases wire would seem 


to be the better solution, as is the case for the local areas of 
public telephone networks. In other cases, radio is a must, as 
for mobile communication, air-to-ground and plane-to-plane 
transmission. In many cases, however, the fight is open, along 
the toll routes for telephone or television for example. Who 
could also predict with certainty which will win over the long 
international routes for TV transmission? I would like to re- 
peat here the concluding words I used in a lecture on “New 
Advances in Guided Propagation,” which I gave last year at 
one of the Centennial Meetings of the Polytechnic Institute of 
Brooklyn: “Helped by a clearer understanding of the laws 
governing the transmission of information, it would seem safe 
to assume that wire and radio are henceforth indissolubly 
linked under a broader concept, which should lead some day 
to a rational organization of communications over our planet, 
as a prelude to more ambitious adventures outside of our 
earthly atmosphere.” We microwave engineers have plenty of 
work on our hands, and higher frequencies may still hold new 
wonders in reserve and ample ground for imaginative and 
profitable enterprise. 
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The Characteristic Impedance of a Slotted Coaxial Line 


R. E. COLLIN} 


Summary—The propagation of a second type of TEM mode in a 
slotted coaxial line is analyzed. The characteristic impedance of the 
slotted line is evaluated by means of variational expressions giving 
upper and lower bounds to the true value. A two term approximation 
to the charge distribution and a one term approximation to potential 
distribution give results accurate to within +2 per cent. Curves of 
characteristic impedance against angular slot width are presented. 


INTRODUCTION 


N A SLOTTED coaxial line as illustrated in Fig. 1 
if two types of TEM modes may propagate. The first 

is a perturbed fundamental coaxial line mode. If the 
slots are narrow, then apart from a small amount of 
fringing of the field in the region of the slots, the field is 
confined entirely to the region between the inner and 
outer conductors. The second type is a mode with the 
electric field lines of force crossing the symmetry plane 
everywhere at right angles. Unlike the first type of 


2X SYMMETRY 
PLANE 


Fig. 1—Field distribution of second type of TEM mode illustrating 
excitation of dipole wings. electric field. ------ magnetic field. 


TEM mode, the field of this second mode extends into 
all of the space surrounding the coaxial line. The exist- 
ence of this mode is of fundamental importance in the 
slotted coaxial line dipole antenna feed.! It is this mode 
that excites currents on the dipole wings and causes the 
dipole to radiate. This mode should not be confused 
with a perturbed second order coaxial line mode and in 
practice is usually excited by short circuiting inner con- 
ductor to outer conductor by a short circuiting post lo- 
cated in plane perpendicular to symmetry plane. 


7 Canadian Armament Research and Development Establish- 
ment, Valcartier, Quebec. 

1S. Silver, “Microwave antenna theory and design,” McGraw- 
Hill Bk. Co., New York, 1949. Chapter 8, Sec. 4. 


This paper is primarily concerned with the evaluation 
of the characteristic impedance of the slotted coaxial 
line for this second type of transmission line mode. A 
rigorous solution in closed form has not been found. 
However by a variational method similar to that used 
in waveguide problems? upper and lower bounds to the 
characteristic impedance have been obtained. The 
procedure used is capable of giving a result of as high a 
degree of accuracy as desired. The upper bound to the 
characteristic impedance is found from a variational 
expression involving the charge on the outer conductor 
while the lower bound is obtained from a variational 
expression involving the potential distribution in the 
slotted regions. Due to the symmetry of the problem it 
is only necessary to consider the solution to the reduced 
problem illustrated in Fig. 2 and consisting of the two 
half coaxial cylinders above the symmetry plane and an 
infinite conducting plane placed coincident with the 
symmetry plane. The field distribution below the sym- 
metry plane is the mirror image of that above. For this 
reason the current flowing on the lower half coaxial 
cylinders will be directed oppositely to that flowing on 
the upper half cylinders. There will be no net current 
flow on the center conductor; the current flowing down 
the line on one outer half cylinder and back on the 
other. It is seen that the slotted coaxial line is thus a 
balanced three wire line as far as this second type of 
TEM mode is concerned. 


CONDUCTING 
PLANE 


Fig. 2—Reduced problem obtained by image theory. 


UprER BouND TO CHARACTERISTIC IMPEDANCE 


For a TEM mode the field distribution in the trans- 
verse plane is a solution of Laplace’s equation and may 
therefore be derived from an appropriate potential or 
stream function. In the cylindrical coordinate system 
r, 0, z the transverse electric and magnetic field com- 
ponents are related as follows:3 


—jopH, = kEs, jopHs = kE,, 


2 J. W. Miles, “The equivalent circuit for a plane discontinuity in 
a cylindrical waveguide,” Proc. IRE, Vol. 34, p. 728; October, 1946. 

* MKS units are used and the time factor e!*¢ is dropped for con- 
venience. 
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where 


jan 
k= jor we = ae 


The inner and outer radii of the coaxial cylinder are 
taken as “a” and “b” respectively and the angular slot 
width as 2a. If $(r, 6) is the potential distribution in the 
space surrounding the half cylinders when the outer 
half cylinder is held at a potential ¢» with respect to the 
inner half cylinder and ground plane, then the electric 
field may be found from the following relation: 


E = — grad @ 


In order that the outer half cylinder shall be at a poten- 
tial do there must be a distribution of charge o (6) on 
the half cylinder. This charge distribution is propor- 
tional to the discontinuity of the normal electric field 
at y=) and hence is proportional to the discontinuity in 
the tangential magnetic field at y=b and thus propor- 
tional to current flowing on line. Explicitly one has: 


a (5, eee 
or \ oe or r=b+ 
aie | o(6ya8 = ue 
Ved a V/ Me 


where J is the total current flowing and Q is the total 
charge on the upper half cylinder. 

The characteristic impedance Z) measured between 
the two outer half cylinders is 2¢o/J and is equal to 


Lov eae 1 
ee c, 


where C is the total capacity of the slotted coaxial line 
per unit length and 2 is the velocity of light in the sur- 
rounding medium. Thus it suffices to determine the 
capacity C in order to evaluate Zp. 

Consider first of all solution of following equation: 


V2G(r, 0, ’) = — Lee — b)8(0 — 6") (1) 
é€ 


which defines the Green’s function G for the above 
problem. The delta functions have the property that 
f6(r —b)dr equals unity if the interval of integration in- 
cludes the point 6 and equals zero otherwise. The 
Green’s function is subject to the boundary conditions 
that it vanishes on the inner half cylinder and ground 
plane, is continuous with a discontinuous normal de- 
rivative at y=), and is regular at infinity. The Green’s 
function is thus seen to be the potential due to unit 
charge located at 6, 0’. A suitable form for Green’s func- 
tion is readily found by standard methods,‘ giving 


4P. M. Morse and H. Feshback, Methods of theoretical physics, 
McGraw-Hill Book Co., New York, 1953. 
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Y 
sinh m In — sin n@ sin n6’ 
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2 a a 
G(r, 6, 6’) =— (2) 


eT 


b b 
n (sint n ln —-+tcosh n In -) 


b 
sinh n In — e~” ™7/> sin v4 sin n0’ 
a 


SS feo 


1 b b 
n (sint n ln —-+cosh n In -) 
a a 


3 
ll 


By the superposition theorem the potential due to a 
charge distribution o(@) at r=0 is: 


Cr, B= i  4(6°)G(r, 0, 6") d6" (3) 


Imposing the boundary condition that ¢=¢o on the 
outer half cylinder gives the following integral equation 
whose solution determines the charge distribution (6): 


ae f  6(6")G(B, 0, 6”) a0". (4) 


To obtain a variational expression for Zo multiply the 
above integral equation by o(@) and integrate over 
a<0<7-—a. Introducing the value of Zo given by 


20 “ay 


v f bss tay dé 


and dividing both sides by [f.7~*0(0)d0 |? gives: 


2 Ta 
= f {[ G(b, 0, 6’)o(0)0(0")dode 


[ f ode] 


The value of Zp» as given by this expression is easily 
shown to be stationary with respect to arbitrary first 
order variations in the charge distribution o(@) and 
hence is the required variational expression. Further- 
more this expression is a positive definite quadratic 
form so the stationary value is an absolute minimum for 
the correct form of o(@) and will therefore give an upper 
bound for the impedance Zo. A suitable set of functions 
in which to expand o(@) that will converge to the rigor- 
ously correct solution are the following cosine functions: 


2rs(0 — a) 
> Cs COS ——_— 


s=0 w — 2a 


(S) 


o 
| 


The stationary value of Zo is obtained by substituting a 
finite number of terms of the above series into the vari- 
ational expression, setting all the partial derivatives 
0/dc, equal to zero, solving the resultant equations for 
the c, and finally substituting back into the variational 
expression and evaluating Zo. There is no loss in gener- 
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ality by taking ¢) equal to unity since Z) depends only 
on the functional form of o(@). Using constant term and 
one cosine term following result is obtained for Zo: 
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for the total energy stored in the field per unit length 
of line. Now 2Cd¢o?=W, and hence Z9=¢0?/vW.. The 


coefficients a, are given by Fourier analysis as follows: 


cos? na E + cy 


n?(a — 2a)” | 


Yay Pe ee 
ga? ) ohms (6) 


where 


1 + coth 2 In — 


nl 


4 


cos” na 


b 
nN (1 + coth 2 In -) [22(ar — 2a)? — 4r? | 
a 


[x cos? na|[r — 2a]? 


n=1,3-+* b 9 2]2 
1+ coth n In — )[n2(4 — 2a)? — 4x?]? 
a 


The above series are quite suitable for numerical com- 
putation as the terms decrease as ”* and the summa- 
tions are over odd integers only. 


Lower BOUND TO THE CHARACTERISTIC IMPEDANCE 


In order to obtain an estimate of the error involved in 
calculating Zo from the previous expression it is necessary 
to develop an alternative expression that will give a 
lower bound to Zp. This may be done by solving the 
original problem in terms of the potential distribution 
in the slots. A suitable expansion of the potential func- 
tion is the following: 


fe} 


r 
>> a, sin 26 sinh n In—, r <b 
n=xl,3>* a 


o(r, 6) = (7) 


>> a, sinh n In Las noe" In rlb y > b 
n=1,8++> a 

If the potential in the region 0$@ Sa, r=) were known, 
then the coefficients a, could be uniquely determined by 
Fourier analysis. However since the capacity C is re- 
quired it will be sufficient to obtain a variational expres- 
sion involving this unknown potential distribution $(6) 
and which gives C as a stationary quantity. Since the 
electrostatic energy stored in the field is known to be a 
minimum and also proportional to ¢? C it is clear that a 
variational expression for C can be developed by calcu- 
lating the electrostatic energy in the field. The electric 
energy is given by: 


€ 
W.= =f Edy = =f (grad $)?dv 


Substituting for @ from (7), taking the gradient and 
integrating over the whole 7, @ plane gives: 


we © b b b 
— > a,’nsinh n In — (cosh n\ln—-+ sinha ln 2) (8) 
Li fieati§ a a a 


n 


ve b Joe 
@, — sinh v ln — = if ¢ sin nédé 
2 a 0 


a ar/2 
= al f ¢ sin node + Hi oo sin nt | 
0 a 


since the potential reduces to ¢o on the outer cylinder. 
Substituting into the expression for W, gives: 


4v = b 
Zoi= : De n( + coth In -) 
Ho" n=1,3-+- a 


( f a8 sin ntd) (9) 


To show that 1/Z) is stationary with respect to arbitrary 
first order variations in the functional form of ¢, con- 
sider the variation in W, due to a variation 6¢ in ¢, thus: 


Se 3/2 © b 
we-—f v6 | ss (1+ coth » in —) 
wT J 9 iL oe 


a 
a /2 
sin 6 if: ¢@ sin nt | dé. 
0 


Since $=» for a$6S7—<a the above result reduces to: 


8e a ) b 
w= —f 56] »3 (1+ coth nin —) 
T /9 n=1,3+++ a 


(2 
sin 16 f ¢ sin nods | dé. 
0 


For the first variation in 6W, to vanish 


i) 


b a/2 
is ti (1 + coth In -) sin no ¢ sin nd 
a 0 


n=1,3-+° 


must equal zero over the region of the slots. This equa- 
tion is also the condition that must be imposed on ¢ in 
order that the normal electric field in the slots be con- 
tinuous and hence 6W, is identically zero. The expres- 
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sion for W, is a positive definite quadratic form and 
therefore yields a lower bound to the characteristic 
impedance Zo. A suitable form for the potential distri- 
bution that will result in a closed form for Zo is 


Ree = 6 =a; 
$(0, 6) = (10) 


T 
Po; CSM) Ee 
2 


Substituting in the expression for Z) and performing the 
integration gives 


1 (0033 Smee 6 \ sin? na 
pie = >> (14+ cothnIn -) ohms. (11) 
Zo a? 1,3--- a 


The summation of the above series is carried out in the 
Appendix and gives finally 


296 ohms 


a b sin? ; 
15—Ine+ > (coth nin — ~ 1) a 
1,3--- 


a neq? 


The series converges rapidly since coth 2 In b/a ap- 
proaches unity rapidly. Higher order approximations to 
Zo may be obtained with the following series expansion 


for 6(9), 


é 2 $70 
$(0) = 60| — - Desin =| for 0 <0 a. 
a 


s=1 a 
NUMERICAL EXAMPLE 


Upper and lower bounds to the characteristic imped- 
ance Zy as obtained from (6) and (12) have been evalu- 
ated for the particular case of 6/a=2.6. Curves of Zo 
vs slot angle 2a are plotted in Fig. 3 for a range of 2a 
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(2) 
= 
25 
(oe) 
Zz 
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N 
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ANGULAR SLOT WIDTH 2&« IN DEGREES. 


Fig. 3—Variation of characteristic impedance with slot angle for 
b/a=2.6. (a) Two term approximation to upper bound. (b) One 
term approximation to lower bound. (c) Average of (a) and (b). 
(e) Three term approximation to upper bound. (f) Two term ap- 
proximation to lower bound. 


from 0° to 30°. The average values of Zo as obtained 
from (6) and (12) are also given. The value of Zo for 
2a=20° was also evaluated by using a three term ap- 
proximation to the upper bound and a two term ap- 
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proximation to the lower bound. This shows that the 
average value of Z» given in Fig. 3 is probably accurate 
to within +2 per cent for most of the range of a con- 
sidered. Characteristic impedance is relatively inde- 
pendent of ratio of b/a, provided ratio is greater than 3. 
In Fig. 4 average value of characteristic impedance is 
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ANGULAR SLOT WIDTH 2 IN DEGREES. 


Fig. 4—Variation of characteristic impedance with slot angle 
for b/a>6. 


plotted as a function of slot angle for the case when ratio 
of outer to inner radii is large; i.e., (b/a) >6. This value 
of Zo is average value obtained from (6) and (12) with 
coth z In @/a replaced by unity. 

A plot of the charge distribution obtained for the 
three term approximation to the upper bound for Zo 
shows that the charge, and hence the current, is very 
heavily concentrated in the region of the slots. 


CONCLUSIONS 


The propagation of a second type of TEM mode ona 
slotted coaxial line has been discussed. In particular 
variational expressions giving upper and lower bounds 
to the characteristic impedance of the slotted line have 
been derived. The procedure developed is applicable 
generally and may be used to evaluate characteristic 
impedance of other structures occurring in practice. 

For a generalized cylindrical transmission line the 
equivalent electrostatic problem is two dimensional. 
Let Cy and C, be two open or closed curves coincident 
with the conducting surfaces of the line. Let G(7, 7’) be 
the Green’s function for the space surrounding Cy in the 
absence of C, and such that G vanishes on C); i.e., G is 
the potential due to a unit charge at 7’ and such that the 
potential vanishes on Co. The upper bound to the char- 
acteristic impedance of the line is then given by 


J ih te r')o(r)o(r)drdr’ 
iat 


where a(r) is the charge distribution on C;. The lower 
bound to Z) may be found by minimizing the volume 
integral of the electrostatic energy density of the field. 


0 
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APPENDIX 
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This series 
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1,3- 
where the second series is rapidly converging and in the 
form of a correction term. Integrating the well known 
geometric series 


re) e2ie 
DS e2ina = 
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once with respect to a and taking the real part gives 
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1 VW 
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Replacing 2a@ by m—2a and adding and subtracting 
series, it is readily deduced that 
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Integrating this series twice with respect to @ gives 


=f il In tan y dy dx. 
0 0 


For a limited range of a, In tan y may be replaced by 
the first few terms of its Maclaurin’s expansion and the 
integration may then be performed. One has 


2) 


sin? na 


1,3 on 


yr iy! 
In tan y = ee es eo cae 
The integration gives 
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For aS.5 the following result is obtained: 
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Broadband Ferrite Microwave Isolator’* 
P. H. VARTANIANY, J. L. MELCHOR}, anp W. P. AYRES} 


Summary—A new type broadband unidirectional transmission 
line has been built utilizing the difference in energy distribution be- 
tween two counter-rotating circularly polarized waves in a circular 
waveguide containing a ferrite. This principle of isolation is different 
from those which have been used previously. 

A large difference is observed in the energy distribution of two 
counter-rotating TE,, modes in a ferrite loaded circular waveguide. 
A ferrite rod magnetized along its axis presents an effective rf per- 
meability of approximately two for the mode rotating in a negative 
screw sense with respect to the direction of magnetization. For the 
positive sense of rotation the effective rf permeability becomes very 
small and negligible energy is transmitted through the ferrite rod. 

Unidirectional transmission characteristics were achieved by add- 
ing quarter wave plates before and after the ferrite rod and inserting 
an absorber into the ferrite. For the direction of propagation for 
which the quarter wave plate converts from a linear input to a posi- 
tive circular rotation the positive wave tends to go around the ferrite 
with small loss. For the other direction of propagation the quarter 
wave plate converts the linear input wave to a negative wave which 
tends to concentrate in the ferrite and is absorbed. 

Based on the principles described, an isolator was constructed 
which gives better than 30 db isolation over the range 8 to 11 kmc. 


* This work was performed under Signal Corps Contract No. 
DA-36-039-sc-31435. 

t Electronic Defense Lab. of Sylvania Electric Products Inc., 
P.O. Box 205, Mountain View, Calif, 


The insertion loss is less than 2 db from 8 to 10.5 kme and increases 
to 3 db at 11 kmc. The complete unit is 103 inches long and weighs 
2% pounds. 

The main advantage of this isolator over present transverse field 
rectangular waveguide isolators and Faraday rotation isolators is its 
improved bandwidth. Other advantages are that the isolator is not 
sensitive to changes in magnetic field and it operates with a readily 
obtainable ferrite at low magnetic fields. Its vswr over the band is 
less than 1.2. The principle of this isolator is applicable to other fre- 
quency bands. 


INTRODUCTION 
die KEEP abreast of current systems develop- 


ments, both manufacturers and users of micro- 

wave components have felt the need for broad- 
band microwave isolators. In attempts to make practical 
microwave isolators, ferrites have been heavily exploited 
in both circular and rectangular waveguide geometries. 
Effects of differential phase shift and differential 
resonance absorption for two directions of wave propa- 
gation are widely used as the basis for isolation in both 
waveguide geometries. In most reported cases, how- 
ever, the bandwidth of these devices does not exceed ten 
per cent. 
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A new approach to microwave isolation in circular 
waveguide is reported here which does not not employ 
either Faraday rotation or magnetic resonance absorp- 
tion. Instead, energy distribution differences for the 
two counter-rotating TE, modes in a ferrite loaded cir- 
cular waveguide are utilized as a basis for isolation. 
Energy distribution in a rectangular waveguide loaded 
with a transversely magnetized ferrite slab has been 
discussed by Lax et al;! but due to its added complexity 
the problem has not been solved in circular waveguide. 
Consequently the boundary value solution will not be 
discussed, but analogy will be made with waves propa- 
gating in infinite magnetic media and with waves propa- 
gating along an isotropic dielectric waveguide. With 
these analogies an attempt is made to give the reader 
a qualitative feeling for the energy distribution in ferrite 
loaded circular waveguide and to explain its applica- 
tions in microwave isolators and other devices. 


THEORY OF OPERATION 


Experimental evidence has been found by the au- 
thors? in agreement with the Fox and Weiss? theory 
that the microwave energy distribution in a waveguide 
containing a magnetized ferrite is different for the two 
senses of circular polarization. The reason for this can 
be discussed qualitatively by examining the effective 
permeability seen by each of the rotating waves. 
Rotating waves are the normal modes of the problem 
in that the permeability is a scalar only for the case of 
circular polarization. For circularly polarized plane 
waves in a lossless infinite ferrite medium the scalar 
permeabilities are given by 


: y4rM , ' 

M+ a a (1) 

where 47MM, is the saturation magnetization, H is the 

applied magnetic field, y is the gyromagnetic ratio, a 

negative number, and w is the angular frequency. The 

symbol pw, denotes effective permeability for a wave 

rotating in the right hand direction looking along the 

magnetic field and w— denotes permeability for the 
counter-rotating wave. 

Fig. 1 shows the two permeabilities of (1) as a 
function of magnetic field. It is seen that over a broad 
range of frequencies and magnetic fields, the negative 
polarization permeability is essentially two while the 

positive polarization permeability is very small. The 
4 may actually in certain regions become zero or nega- 
tive. For these regions it is necessary to include also 
the imaginary part of the permeability and the propa- 
gation constant is now more complicated but never less 
than zero. 

1B. Lax, K. J. Button, and L. M. Roth, “Ferrite phase shifters in 
rectangular waveguide,” J. Appl. Phys., vol. 26, pp. 1413-1421; 
November, 1954. : 

2 J. L. Melchor, W. P. Ayres, and P. H. Vartanian, “Energy con- 


centration effects in ferrite loaded waveguides,” J. Appl. Phys., vol. 


27; January, 1956. ; ; 
3A. G. Fox and M. T. Weiss, “Discussion on ferromagnetic 
Faraday effect,” Rev. Mod. Phys., vol. 25, pp. 262-263; Janaury, 1955. 
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Since the dielectric constant of most ferrites is in the 
range of 10-15 the negative circular polarization sees a 
large we product and the ferrite rod acts essentially as a 
dielectric waveguide. Consequently, if a ferrite rod is 
placed in a circular or square waveguide, the energy 
of a negatively rotating wave will be concentrated in or 
near the rod. On the other hand, the positive circular 
polarization sees a small we in the region of the ferrite 
and hence the energy passes mainly around the rod. 
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Fig. 1—Effective permeabilities for positive and negative circular 
waves in infinite lossless medium as a function of applied mag- 
netic field. 


There are several ways in which one of the two circular 
components may be selectively absorbed. A lossy ma- 
terial may be placed around the ferrite to fill the wave- 
guide and absorb the positive wave; or an absorber may 
be introduced on the surface or inside the ferrite to 
absorb the negative wave. 


RESISTANCE 
CARD 


RESISTANCE 


CARD QUARTER WAVE PLATES 


FERRITE ROD 


RECTANGULAR TO CIRCULAR 
WAVEGUIDE TRANSITIONS 


Fig. 2—Waveguide geometry used for loss measurements and 
used in construction of isolator. 


DESCRIPTION OF JSOLATOR 


An isolator was made by placing an Aquadag coated 
ferrite rod of the optimum diameter for the frequency 
band of interest between two quarter wave plates in a 
cylindrical waveguide as shown in Fig. 2. Ferrite, Gen- 
eral Ceramics R-1, is magnetized to a low value with a 
longitudinal field produced by a permanent magnet. 
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The energy from the generator being isolated is con- 
verted by the first quarter wave plate into positive 
circular polarization which is transmitted essentially 
unattenuated and reconverted to linear polarization by 
the second quarter wave plate. Reflected energy from 
the load on the other hand is converted into negative 
circular polarization relative to the applied magnetic 
field and is attenuated in the absorber on the ferrite 
surface. Alternately the absorber may be put outside the 
ferrite to interact with the negative polarization. This 
has not performed as well since it requires a good match 
into the ferrite rod. The matches for the case of the 
absorber in the ferrite are not as important. This is 
because the discontinuity for the forward wave is very 
small since the permeability is small. The coated ferrite 
rod looks simply like an absorbing needle in the center 
of the guide which does not interact with the TEn 
mode. For the backward wave there is a large disconti- 
nuity however, and reflections are absorbed in an H 
plane resistance card on the load side of the quarter 
wave plate. The quarter wave plate converts energy 
reflected from the ferrite into the H plane. 

The quarter wave plates are of tapered polystyrene 
and are designed to give wide bandwidth. They have an 
ellipticity (ratio of space quadrature fields) of less than 
2 db over the 8-11 kmc band. It can be shown that the 
forward loss caused by the quarter wave plate not con- 
verting all the energy into the proper polarization is 


Picss 1 (e = aye 
Pine 4 (e* fe i)? 


where e is the ellipticity voltage ratio. Thus a 2 db 
ellipticity causes a loss of only 0.11 db in the forward 
direction for the two quarter wave plates. 

The rectangular to circular waveguide transitions are 
approximately 24 inches long and havea vswr of less than 
1.2 from 8 to 11 kmc. Tapered resistance cards are 
placed in the H plane of the transitions. 


ISOLATION CHARACTERISTICS 


There are many modifications possible in the device 
shown in Fig. 2. It was found that the characteristics 
are sensitive to absorber position, rod diameter, ab- 
sorber resistance, magnetic field, and ferrite used. 


Absorber Position 


As stated above, there are three possible places to 
locate the absorber: in the ferrite, on the ferrite, and 
outside of the ferrite. The absorber was placed inside 
of the ferrite by slicing a }-inch ferrite rod longitudi- 
nally and coating an absorbing material on the inter- 
faces. The isolation is seen in Fig. 3 to be better than 
15 db from 8 to 11 kmec with an insertion loss of less 
than 1.5 db. From 9 to 10 kmc the isolation exceeds 25 
db while the insertion loss is less than 1 db. These data 
were taken with a solenoid adjusted for 375 gauss. 
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Isolators constructed with the absorbing material 
located between the ferrite and the waveguide wall were 
found to be unsatisfactory. Suitable isolation was 
achieved with this configuration but the insertion loss 
was found to be much too large. This can be attributed 
to losses due to a poor match between the waveguide 
and the ferrite rod which must act as a dielectric wave- 
guide for the forward wave. These poor matches can 
also set up cavity resonances within the ferrite. Isolators 
constructed with the absorber outside the ferrite were 
compared extensively with those constructed with the 
absorber inside the ferrite. Rods with diameters as 
large as § inch were used with the absorber outside. For 
all diameters between } inch and $ inch the insertion 
loss was high except at discrete frequencies for larger 
diameter rods where the ferrite acted as a transmission 
cavity.? 


ABSORPTION - DB. 


INSERTION LOSS 


FREQUENCY - KMC. 


Fig. 3—Isolation and insertion loss versus frequency for isolator con- 
structed with 0.250-inch diameter ferrite rod 2 inches long. Rod 
sawed in half longitudinally and absorber applied to interfaces. 


The simplest and most convenient form of applying 
the absorber was to coat Aquadag on the ferrite surface. 
With this absorber configuration the insertion loss is 
still fairly low and the rod shape is preserved. The saw 
cut required with the absorber inside distorts the rod 
shape and decreases its effective diameter. As will be 
shown later in a discussion of the effects of diameter 
this can be important. In the remaining data to be dis- 
cussed the absorber was coated on the ferrite surface. 


Ferrite Rod Diameter Effects 


As pointed out in the Theory of Operation, the ferrite 
rod begins to act as a dielectric waveguide for the 
negative rotating wave. Consequently we should expect 
operation of the isolator to be sensitive to rod diameter. 
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Curve A in Fig. 4 illustrates a 0.125-inch diameter rod 
beginning to act as a dielectric waveguide as frequency 
increases. The rod is 4 inches long, magnetized longi- 
tudinally, and coated with an absorber. The absorption 
of the negative wave increases with increasing frequency 
indicating that as frequency increases the ferrite begins 
to act more and more as a dielectric waveguide. This 
diameter rod would be useful in an isolator operating 
above 12 kmc but operation below 12 kmc requires 
larger diameter ferrite rods. 


48 


H=375 GAUSS 


De) 
>. 


ABSORPTION - DB. 


10 i 12 


8 9 
FREQUENCY - KMC. 


Fig. 4—Absorption losses versus frequency of negative wave for 
three different diameter rods with absorber coated on surface. 


Curves B and C for rods of 0.203- and 0.250-inch 
diameters exhibit peaks in X band as shown in Fig. 4. 
Thus there is an optimum band of frequencies for dielec- 
tric waveguide effects for each ferrite diameter. The 
frequencies at which maximum isolations occur for a 
series of different diameter coated rods are shown in 
Fig. 5. Here it is seen that as diameter increases the 
frequency of the peak decreases. Fig. 5 indicates that rod 
diameters ranging from 0.155 to 0.250 inch will give 
isolation peaks distributed across the 8.2 to 12.4 kmc 
band. In practice three different diameter rods, each two 
inches long, are required to give better than 25 db isola- 
tion across this frequency band. However, with this 
arrangement the forward or insertion loss increases 
rapidly at the high frequency end of the band. 
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Surface Resistivity Effects 


The isolation characteristics were found to depend 
strongly on the ferrite surface coating resistivity. A 
low surface resistivity resulted in less isolation, higher 
insertion loss, and a broader isolation curve as a function 
of frequency. Increased resistivity yielded lower inser- 
tion loss and a sharper isolation curve which reduced to 
isolation peaks due to reflection from the ferrite rod for 
very thin absorber films. An optimum resistance of 
roughly 2,000 ohms was found when measured from one 
end to the other on the periphery of a }-inch diameter 


rod, 2 inches long. 
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FREQUENCY OF MAXIMUM ISOLATION - KMC. 


Fig. 5—Frequency of maximum isolation as a function of diameter of 
ferrite rods with absorber coated on the surface. Waveguide 
diameter is 0.93 inch. 


TYPICAL ISOLATOR AND CHARACTERISTICS 


An isolator was constructed with two ferrite rods of 
0.250- and 0.190-inch diameters and 2 inches long placed 
end to end. Characteristics of this isolator are shown in 
Fig. 6. An isolation of greater than 30 db was achieved 
from 8 to 11 kmc with an insertion loss of less than 2 
db from 8 to 10.5 kme and increasing to 3 db at 11 
kmc. The unit consists of two rectangular to circular 
waveguide transitions 2% inches long, two quarter 
wave plates, 6 ring magnets of the type Indiana Steel 
R-142, two pieces of resistance card, a circular wave- 
guide section 6 inches long, and two absorber coated 
ferrite rods of 0.250- and 0.190-inch diameters. A 
photograph of the unit is shown in Fig. 7. It weighs 24 
pounds and has an over-all length of 104 inches. 


Merits of Isolator 


An isolator based on differences in energy distribution 
for the rotating waves appears to be more broadband 
than a Faraday rotation isolator in the same geometry. 
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In addition the material requirements for this type of Since the loss occurs at the ferrite surface the prob- 
isolator are less stringent. Since the transmitted wave lem of heat dissipation is less severe than for the other 
tends to pass around the ferrite there are less dielectric cases. With a metalized resistive coating and forced air 
losses than for a Faraday rotator where half the energy cooling the potential high power applications are 
promising. A ferrite is a poor thermal conductor, making 

50 it difficult to extract energy absorbed within it by elec- 


ABSORPTION - DB. 


Soi 
FREQUENCY - KMC. 


Fig. 6—Absorption characteristics of isolator constructed with 
0.250-inch and 0.190-inch diameter rods. 


is in the opposite sense of circular polarization and goes 
into the rod. In fact a ferrite with higher dielectric 
losses would be useful for this application. 

The isolator is quite insensitive to magnetic field as 
expected from the effective permeability curves of 
Fig. 1. This makes it more practical for use with perma- 


Fig. 7—Photograph of isolator. 


nent magnets for which the magnetization changes with 
time. The magnetic field required is much smaller than 
that required with the resonance type isolator where 
fields of 2,000 to 3,000 gauss are commonly employed. 


tric or magnetic losses. This type of isolator tends to 
reduce the losses which occur within the ferrite and 
reduces the problem of heat dissipation. 

The isolator, which weighs 24 pounds, is considerably 
lighter than resonance absorption isolators, but com- 
parable to Faraday rotation isolators. It has an advan- 
tage over the Faraday rotator in that any desired iso- 
lation, or reverse attenuation, can be achieved simply by 
making the ferrite element longer. Isolation was found 
to be directly proportional to the length of the element. 


Limitations of Isolator 


The principal limitation is the increase in insertion 
loss at higher frequencies. As seen from Figs. 3 or 6 the 
insertion loss begins to increase rather rapidly between 
10 and 11 kmc. Upon examining individual isolation and 
insertion loss curves for different coated rod diameters 
it was found that the frequency for peak isolation is 
roughly 2 kmc below the frequency for which the sharp 
increase in insertion loss begins. In Fig. 6 the insertion 
loss at 11 kmc is due primarily to the }-inch rod. It 
increases continuously through 12.4 kmc which was the 
upper limit of the measurements. The increase is at- 
tributed to the fact that the effective permeability for 
the positive wave does not go to a sufficiently low value 
to exclude that wave from the ferrite at higher frequen- 
cies. To substantiate this hypothesis the applied mag- 
netic field was increased in several steps to 1,500 gauss. 
At each successively higher field value the increased in- 
sertion loss occurred at a higher frequency. This indi- 
cates a reduction of the effective permeability for the 
positive wave which makes the rod’s electrical size 
smaller, requiring higher frequencies for dielectric wave- 
guide effects. 

To avoid the problem of increasing insertion loss a 
material with lower pw, at magnetic saturation is de- 
sired. The field value for saturation is chosen because 
u@— is a maximum there and it is an easily achievable 
magnetic field. At that point (1) becomes 


yB, +o (2 
Let A a Siar 
‘ Veo ) 


where H, is the magnetic field required to saturate the 
ferrite and B, is the saturation flux density, H,+47M,. 
From this expression it is seen that yu, approaches 
zero as |y| Bs approaches w. For X band operation a 
saturation moment greater than 3,000 gauss will give 
a more favorable ratio of propagation constants. 
Ferramic R—1 has a saturation moment of only 2,000 
gauss. 
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CONCLUSION 


Using the difference in energy distribution for circular 
waves transmitted through ferrite loaded circular wave- 
guide, an isolator was constructed with 30 db isolation 
from 8 to 11 kmc. Its insertion loss is less than 3 db and 
it does not appear to be unduly critical with respect to 
any of the operating parameters. By providing means 
for varying the applied field the isolator becomes an 
amplitude modulator or electronic switch. 

Since the energy transmitted in the forward direction 
tends to go around the ferrite, low magnetic and dielec- 
tric losses occur in it. This approach to isolation is 
promising for higher powers. A more suitable choice of 
material will reduce the insertion loss presently ob- 
served. 

The frequency of maximum isolation for a single 
ferrite rod is inversely proportional to the ferrite di- 
ameter. Various diameter rods can be added in series to 
increase the isolation bandwidth. However, with the 
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ferrite used an increase in insertion loss on the high 
frequency side discourages this beyond a 3 kmc band- 
width. The increase in insertion loss which occurs at 
higher frequencies is attributable to dielectric wave- 
guide effects for the positive wave. With a dielectric 
constant of 13 the we product is large even if y is as low 
as 0.3. In such a case, dielectric waveguide type trans- 
mission is expected to become noticeable at 11 kmc. 

The use of differential energy distribution for non- 
reciprocal and magnetically controllable circuit ele- 
ments is promising from the standpoint of stability, 
bandwidth, and power handling capacity. 
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An Approximate Analysis of Coaxial Line with 


a Helical Dielectric Support* 


J. W. E. GRIEMSMANN7T 


cable with a helical dielectric support. The par- 

ticular cable depicted bears the trade name of 
Styroflex! derived from the fact that the dielectric helix 
is built up in a winding operation from nonplasticized 
polystyrene tapes giving to the final assembly a tight 
grip on the center conductor and a good degree of allow- 
able bending capability. The outer conductor in the 
original design of the cable consists of an aluminum 
sheath extruded over the dielectric. Other forms of cable 
with helical dielectric support are also available. 

This type of cable is of interest as an alternative to 
broadband bead supported line, particularly for applica- 
tions requiring long lengths of line or small diameter 
cable where multiplicity of bead supports can lead to 
high wave reflection characteristics in frequency bands 
of interest. 


: Weiien in Fig. 1 is a cutaway section of coaxial 


* This analysis was conducted as part of the work under Signal 
Corps Contract DA-36-039 sc-42500 with the Polytechnic Institute 
of Brooklyn and was presented at the P.I.B. Symposium on Modern 
Advances in Microwave Techniques, November 8-10, 1954. 

+ Microwave Res. Inst., Polytechnic Inst. of Brooklyn, Bklyn., 


IN. Y. 
1 Phelps Dodge Copper Products Corp. 


Fig. 1—Cut-away section of Styroflex cable. 


The analysis given below shows that the total propa- 
gation in the helical line can be considered to be made 
up of two component propagations, one following the 
dielectric helix down the transmission line and the other 
following a helical path perpendicular to the dielectric. 
The latter type of propagation is that of an iterative 
transmission line and introduces for the overall propa- 
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gation characteristics of the line bands of propagation 
and attenuation. For practical purposes, operation is 
limited to frequencies approaching the first critical fre- 
quency which occurs approximately when the helical 
distance at the mean internal periphery measures an 
electrical half-wavelength between centers of the dielec- 
tric. The low frequency approximation which neglects 
the helical distribution of the dielectric and assumes the 
air and dielectric of the line to act in parallel is a satis- 
factory one for a major portion of the lowest propa- 
gating frequency region. The analysis given here shows 
a sharp rise in attenuation as the cutoff frequency is 
approached. This action is quantitatively confirmed by 
attenuation measurements on the transmission line. 
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EQLIVALENT PARALLEL PLATE STRUCTURE 


(b) 
Fig. 2 


PARALLEL PLATE APPROXIMATION 


The following analysis is based on the transformation 
of the problem in coaxial geometry to one in parallel plate 
geometry. Consider that the coaxial line shown in Fig. 
2(a) is split radially from the outer conductor into the 
inner conductor along the line AA and for the entire 
length of coaxial line. Opening the line along this cut 
and continuously deforming it the parallel plate struc- 
ture of Fig. 2(b) can be attained where the radial cut 
plane of the coaxial line splits into the two side planes 
through AA for the parallel plate line. It must now be 
understood, of course, that a condition for the paral- 
lel plate propagation is that the fields are identical in 
the side planes in order that the parallel plate line can 
again be reformed back into the original coaxial line. 
The parallel plate structure of Fig. 2(b) is considered 
to be part of a larger parallel plate system, the top view 
of which is shown in Fig. 3, since it would be inappropri- 
ate to consider edge effects for the parallel plate. The 
region of interest from the propagation standpoint is 
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that between the two side planes through A-A. The 
mode and nature of propagation in the parallel plate 
line will now be very similar to that in the original 
coaxial line although any numerical values obtained 
represent an approximation to the values existing in the 
coaxial line. The rigorous solution in suitable radial or 
helical coordinates is required for exact values for the 
propagation characteristics and fields of lines with 
helical supports. 


DLREKIOVY } 


A A 
Fig. 3—Top view of extended parallel plate system. 


FIELD COMPONENTS 


In any fundamental mode type of propagation in the 
parallel plate system there must be assumed to exist an 
electrical field perpendicular to the plates. This corre- 
sponds to a radial electric field in the coaxial line. The 
existence of this electric field component EL, which is 
noted to be directed parallel to the dielectric surface 
would require in general the two components H, and H, 
to exist in order to satisfy the boundary conditions 
corresponding to refraction at the air-dielectric inter- 
face. By trial the simplest mode which would satisfy the 
Maxwell’s equations and boundary conditions was 
found to be the following set: 


In AIR SECTIONS 


Ree 
Hes —= A,|1 — Tet? keo2! |e—ikzoe’ e—ihyy (1) 
WU 
Ry ; 
ee SS Oe —A,|1 + TD get? theo” |e—ikeo2’ ¢—ihyy (2) 
wu 
Ergo = Ao[1 4 Toet2##eot” le—theot!g—itey (3) 


where z’ is measured from the symmetry planes of the 
air sections. 
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In DIELECTRIC SECTIONS 


Ree 
Ay. = A. [1 — Tyet?ibeet!! em thse!’ e—ikyy (4) 
we 
Ry . . 
Hie = — —A.[1 + Teet2ibeet! eiheee!e-ihuy (5) 
ONT) 
Exe = Ac[t + Tect2ibect’ len ihece!eikyy (6) 


where z’’ is measured from the symmetry planes of the 
dielectric sections. 

With low losses a suitable approximation is that kz, 
kz. and ky, are respectively the phase constants in the 
z direction in air, in the z direction in the dielectric and in 
the y direction. The same phase constant k, in the air 
and dielectric is necessary to satisfy the boundary con- 
dition along the air-dielectric interface. A, and A, are 
complex constants indicating the relative magnitudes 
and phase of the field. The field distribution in the 
cross section is determined by the reflection coefficient 
I, in the air sections and [, that in the dielectric sec- 
tions. It is implicitly assumed that the field is periodic 
in the zg direction and that the values of the complex 
constants A,, A., , and I’. are determined by boundary 
conditions at the air-dielectric interface, transmission 
conditions and the power being transmitted. 

For convenience in the understanding of the propa- 
gation characteristics of the line, it is desirable to 
consider that the total propagation is made up of two 
partial propagations in parallel, one in the y direction 
associated with the components E, and H,, and the other 
in the z direction associated with £, and H,. The propa- 
gation in the y direction or in the direction parallel to 
the dielectric has associated with it a constant cross 
section and only one forward traveling wave is needed 
to describe this propagation. The propagation in the z 
direction must be considered as an iterative transmis- 
sion line having successive sections of air and dielectric. 
In order to satisfy the boundary conditions (or imped- 
ance conditions) at the air-dielectric boundaries, it is 
necessary to postulate forward and backward traveling 
waves (or to include the reflection coefficients) in each 
medium just as one would for an ordinary iterative 
transmission line structure. As seen later, reflection co- 
efficients are real at lines of symmetry in the air and 
dielectric sections making them convenient reference 
points for extensions Z’ and Z"’ in g direction. 


PHASE CONSTANT RELATIONSHIPS 


The propagation constants in the y direction and z 
direction must be consistent with the over-all propaga- 
tion constant in each of the media. Thus, in the dielec- 
tric sections, 


hie + hy? = kek? (7) 


where k is free space phase constant and , is relative 
dielectric constant of medium. In air section 


Riot tyky i= (8) 
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where & for the air is assumed equal to that of free space. 

In order to satisfy the condition that for the section 
of the parallel plate line the fields in the side planes 
must be identical, it is required that the phase of the 
field at the points, 6 and c, shown in Fig. 3 must be 
identical. This gives rise to another condition on the 
phase constants which may be derived by requiring 
that the change in phase of field experienced in going 
from the point a to bd in Fig. 3 is the same as the change 
in phase in going from the point a to the point c. The re- 
sulting equation for this condition must be derived from 
iterative line considerations. 


PROPAGATION CHARACTERISTICS IN THE Z DIRECTION 


In the gz direction, the transmission line structure is 
periodic and symmetrical with respect to propagation 
in the forward or backward z direction. The description 
for arbitrary terminating impedance is then conven- 
iently given in terms of iterative impedances. Shown in 
Fig. 4(a) is the equivalent transmission line (for wave 
impedances) in the z direction for the extended parallel 
plate structure. Also shown in this figure, plotted on an 
admittance diagram, is a typical admittance cycle repre- 
senting the locus of impedances of the transmission line 
matched in its iterative impedance. In general, of course, 
for this type of operation there will be standing waves in 
both the air sections and dielectric sections of the line 
but the iterative impedance matching implies that the 
magnitude of electric and magnetic field is repeated at 
successive corresponding structural points along the 
transmission line. Since for any transverse plane the 
points at the special AA side planes, described before 
in Fig. 3, are corresponding structural points in the 
iterative transmission, the boundary condition that the 
fields be identical at corresponding transverse side 
plane points is in part satisfied. The requirement of the 
boundary condition then remaining is that the phase be 
identical at the corresponding transverse side points. 
Determination of the phase constant for the iterative 
type transmission line in the y direction is then required. 
This solution will also yield the values of I, and I, 
necessary for a quantitative knowledge of the field struc- 
ture and the determination of attenuation constant for 
this line. 

For further analytical work, one of the two most con- 
venient sets of reference planes in the iterative struc- 
ture is the centers of the air sections corresponding to 
the real admittance points Y,, on the admittance cycle. 
Shown in Fig. 4(b) is the structure between two suc- 
cessive reference planes terminated in the iterative 
impedances Y,,. Since the section is symmetrical, the 
value Y,, can be determined from 


Ve = VV opa/2) Vsn1/2) (9) 


where Yopq/2) is the admittance measured at the input, 
a, with an open circuit at the center reference plane, d, 
and Y,,aj2) is the admittance measured at the input 
with a short circuit at the center reference plane d. 
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Fig. 4. 


From transmission line calculations, the values of these 
admittances are determined to be the following: 

Reo 
Vopcj2)=J — tan 


= (= k )| (10) 
tan —— tan 265 
ay) ee 2 


es w k, 
a —-+ tan- (Stan “| (11) 
Wi 2 Le 


whence 


W € 
eo 2 Keen DZ, 
Y.o°= ‘ (12) 
wy w Rea d 
tan | kz, — + tan-!{ ——tan B,, = 
2 Rae 2 


the value of the reflection coefficient [, at the center 
plane of the air section is then 


Ven 
5) 
hee 
Ves 
pia) 
kev 


r= 


Alternatively, the reference planes for the start and 
finish of the composite line could have been selected 
as the center or symmetry planes for the dielectric sec- 
tions which would correspond to the admittance Y,. on 
the schematic admittance cycle diagram of Fig. 4. By 
appropriate substitution of variables the value of the 
characteristic admittance would be found to be given by 


d ieee w 
tan —-+tan7! (= tan k,, ea 
ke 4 2 Rize 2 
Y.2= (14) 


d Ree 
tan E —-+tan7} ( 
2 ee 


giving for 


(15) 


For the structure shown in Fig. 4(b) the change in 
phase from input to output, ®;, is determined from 
iterative line considerations, being given by 
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cos ®; = cos k,.d cos k.owW 


1 Re eee 
a ( = ) sin k,.d sin k,,w. (16) 
2 eee ee 


In order to satisfy the boundary condition, correspond- 
ing transverse points at the side planes must have the 
same phase as previously discussed under PHASE CoNn- 
STANT RELATIONSHIPS. Then, with reference to points 
b and c of Fig. 3, it is evident that 


wi+d 
DP, =k, + n(27) (17) 
tan @ 
whence 
wi+t+d 
cos k, = cos kd cos kzoW 
tan 6 


1 Rie Ree - 
_ ( + ) sin k,.dsin k,,w. (16a) 
PON Bess Rec 


The phase constants k,, kz. and k,, are now specified in 
terms of the dimensions, w, d, and 6, and the frequency 
or free space phase constant, k, through (7), (8), and 
(16a). The form of the field can then be specified at any 
frequency from an evaluation of I, and [., using (12) 
through (15). In the expression relating ®; and k, above 
n =( corresponds to the lowest practical range of opera- 
’ tion with a cutoff frequency of zero. Integer values of x 
correspond to higher mode operation having finite cutoff 
frequencies. The wavelength in the transmission direc- 
tion (A,) may be determined from 


Qa ky 


18 
Ng - Sin 6 (18) 


Low FREQUENCY APPROXIMATION 


The low frequency approximation can be deduced 
directly from the consideration that dielectric and air 
sections act in parallel. The solution above reduces to 
this solution under the assumption of sufficiently low 
frequencies. For low frequencies, (16a) becomes under the 
assumption that typically sin a=a and cosa =1—(a?/2) 


( w+ d\? 
ky ) om 
tan 6 


Using (7) and (8), the phase constants become 


(k.2d + kz.?w)(w+ d). (16b) 


kd + w\!!? | : 
y= (———) sinOé= kk, sin@ (16c) 
w 
hee = RC Re —R 77 Sin? 0)1”? (7a) 
Reo SR — Rey sin 0)", (8a) 


As indicated the expression 
(“= oe =) 
wt+d 
is recognized to be the effective relative dielectric con- 
stant under the assumption that the dielectric sections 
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and air sections are acting in parallel. For the iterative 
line in the z direction, the admittance cycle diagram of 
Fig. 4(a) reduces at low frequencies to a point for the 
values of iterative wave admittances from (12) and (14) 


RB likeed -- Roo Wil?) 
| | = — k.,7!* cos 0. 
k?(w + d) 


wu 
The expressions for the fields in the air sections be- 
come from (1), (2), and (3), 


2( = Rest sin? GQ) ate 


ae Wok 
— 


wp 


Eee — A : : (3a) 
¢ = Ress sin? 9)? = Resp? cos 0 
ll y yy Bele 0 
ao — Lacok eff COS 
, OM, (1a) 
k . 
lal, a I Dry ore rele sin @. (2a) 


ayn 
For fields in dielectric sections from (4), (5), and (6) 
2(Re = Resy sin? g) 1/2 


Ex. = Ae ‘ (6a) 
(Re — Resp Sin? 9) + Ress!” cos 0 
k 
Hy. = — E,.R ess)!” cos 0 (4a) 
ay 
k 
IE ae. =e oy Esch oe sin @. (5a) 


wu 
The total magnetic field in both the air and dielectric 
sections is noted to be transverse to the direction of 
propagation and to have the value 


[2 


k 
Hy = Exo Resp! = Exe— 
ay WU 


keyg? 


The wave impedance is noted to be the same for both 
the air and dielectric sections supporting the low fre- 
quency assumption of TEM propagation in a homogene- 
ous dielectric material, having a dielectric constant 
equal to the effective value given above. The propaga- 
tion constant is that for a material with the effective 
dielectric constant, Rej;. 


MobDES OF OPERATION 


In general, the field pattern and the consequent per- 
formance characteristics of this type of transmission 
line are dependent on two factors. The first of these is, 
of course, the requirement that the phase is identical 
at corresponding transverse side points as indicated in 
Fig. 3 and covered by (16) and (17). The second factor is 
the type of propagation in the z direction which, be- 
cause of its iterative nature, will have pass and stop 
bands as indicated by either (12) or (14). The influence 
of the second factor is dependent on the construction of’ 
the cable, being greater for smaller pitch angle, 0, and 
greater influence of the dielectric. As the pitch angle 
approaches 7/2, the line is seen to approach a line with 
a longitudinal dielectric support. In this case the propa- 
gation in the g direction is not a significant part of the 
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over-all propagation, but serves rather to determine the 
cutoff frequencies of the higher modes and the variation 
with frequency of the guide wavelengths for these 
higher modes. 

While the foregoing analysis is applicable for any 
type of cable construction, consideration here will be 
limited to the case where the component propagation in 
the z direction is a significant part of the total propaga- 
tion. Of chief concern will be the possible frequency 
limitations on the lowest mode of operation. The higher 
modes associated with a periodic variation of field with 
the coordinate x (perpendicular to plates) are not con- 
sidered since, for the usual coaxial lines dimensions, 
the variation with y and z (parallel to plate) will impose 
greater limitations. 

The critical frequencies for propagation in the z 
direction are those for which the iterative admittances, 
as given by (12) and (14), become infinite or zero and 
are the boundaries between purely propagating and 
purely attenuating bands. Shown in Table I are the 


TABLE I 
CRITICAL FREQUENCY RELATIONSHIPS 
z Direction 
Wave Impedance 
; ; 4 ! Value of? 
Desig | Determinental Equation At center 
cos &y At center : 

: of Di- 
of Air ; 
ae electric 
Sections . 

Sections 

kid RoW 

A Reetan Saal Rag COU = —1 Short Open 
Reed RoW 

B kz cot ean kz. tan 35 —1 Open Short 
heed RzpW 

(@; kee tan . = —,, tan 5 +1 Open Open 
Reed RzoW 

D kz Cot ss —k.. cot in +1 Short Short 

2 See (16). 


formulas which define these critical frequencies listed in 
order of increasing frequency for a given value of ” in 
(17). These values could also have been obtained by 
letting cos ®;= +1 in (16), as indicated in Table I, or 
that ; is an appropriate multiple of 7. For any given 
critical frequency condition of Table I and any given 
value 7, the critical frequency is determined using (17), 
(7), and (8). Operation down to zero frequency can 
occur only for the case n= 0. In this case, the infinite se- 
quence of alternating pass and stop bands, defined by the 
conditions A, B, C, and D, have a propagating region 
between zero frequency and that of condition A. For 
other values of v, there will be non-zero cutoff fre- 
quencies and the sequence of pass and stop bands can 
be of opposite character to that for 7=0. The value of 
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k,(w+d)/tan @ assumes values equal to multiples of a 
and the value zero for critical frequencies of A, B, C, and 
D. The value of k, will, however, vary with frequency 
making the main direction of propagation a function of 
frequency. Total propagation in the z direction, for 
example, is obtained only at cutoff frequencies for which 
k, can be zero, as can be noted from (2) and (5). Increas- 
ing frequency above these cutoff values will cause 
propagation to start in the y direction. The modes of 
operation then can only be characterized by ” which 
can assume positive or negative values. Since there is a 
wide variation of the positioning of critical frequencies 
with respect to cable construction, it appears best to 
reserve further discussion of the modes of operation to 
specific cable constructions. 


POWER FLOW 


From (1), (2), and (3), the Poynting vector for the 
air sections of the line is found to be 


|Po=R{|EX | H*} 
Ref xoEs X [yoy + toll ,|} 
| Ao|? 
a) 
ayn 
+ yoky | (19) 


where Xo, Yo, and z, are respectively the unit vectors in 
the x, y, and g directions. The power in the gz direction 
is noted to be independent of position in the line, but to 
be a function of frequency through the dependence of 
ee 2 on frequency. When the line is propagating in 
its lowest mode I, is a minimum, [,= —|T.| , at the 
center reference plane making the y component of 
Poynting vector a minimum at the center of the air 
section. 

From (4), (5), and (6), the Poynting vector for the 
dielectric section of the line is found to be 


lA. 


wy 


I 


I 


[zokzo(1 _ IT. 


1 + Det heo2’ 
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P. [zokee(1 — | T|?) 


+ yoky | 1 + Peet itteee’” [2], (20) 


The total power flow crossing a given cross section of 
the transmission line may be obtained by appropriately 
summing the amounts of power flowing in the two direc- 
tions and for both air and dielectric, as shown sche- 
matically in Fig. 5. 

The power in the air section in the z direction crossing 
any given transverse cross section is 


Pio = 


leas | A, 2[1 a |r, [2] wh 
WU tan 0 
where h: is the height of the line and using the projected 
area of the air portion of cross sectional area on a g=con- 
stant plane as shown in Fig. 5. 

The power in the dielectric section in the zg direction 
crossing any given transverse cross section is 
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B apes = 5 
tan 0 
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The power in the air section in the y direction cross- 
ing any given cross section is 


k +w /2 
Pyo:= — | Ao|?h (1+ |r. 


w —w/2 


2— 2|T,| cos 2 eos”) dz’ 


where propagation conditions are considered which 
make T,=—|I,| at z’=0; i.e., for image terminated 
transmission conditions in the z direction. The integra- 
tion yields 


k 
Be = Ay 
wp 


sin k,,w 
+] ( + |1T.|%)w— 2/1. “=|. 
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The power in the dielectric section in the y direction 
crossing any given cross section is similarly 


4 sin =<] 
; ee. alt 


d+ 2|T. 


k 
P= “| ( + |T. 
WL 


Z 


Fig. 5—Components of power flow across any given 
transverse cross section. 


The total power is then the sum 
ret Prageale Dye clad epi ct bye. (21) 


The continuity of the z components of the Poynting 
vector at the interface between th@air section and di- 
electric section requires that 


Reo A,|?[1 3 ate al = ke 


A.|?{1 — |T. 


2]. (22) 


A knowledge of the dimensions of the line and frequency 
then allows a determination of the magnitude of Ars 
in terms of |A.|. Quantitative values for the field 
quantities of (1) through (6) can then be obtained by 
expressing |A.|? in terms of the total power trans- 
mitted by the line. The constant A, for a given air sec- 
tion will lead in phase that of the next air section by 
angle ®;. This is true also for A, of dielectric sections. 

Under the low frequency approximation previously 
considered, (32) reduces to 
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4(1 a Ress sin? 0) | 


Pr & | A, ' 
[(1 — Rery sin? 0)1/2 + hey, 1!? cos 0]? 
RR esp? Ww = d 
h a 


aye sin 0 


(21a) 


which agrees directly with that obtained directly from 
the fields using low frequency approximation; the 


bracketed term is | E,o/?=|Ez.|%. In terms of the volt- 
age, V = EBs h, the total power is 
° V2 V2 
Pr => = 
WM h Zopp 


RRs!” (w + d)/sin 6 


where Zopp is recognized to be the characteristic imped- 
ance of the parallel plate line having a dielectric ma- 
terial with the dielectric constant Res; 


ATTENUATION 


The loss per unit length is the same at any given 
cross section and the same is true for the attenuation. 
For greater clarity, however, the loss per section will be 
calculated and the attenuation computed in this way. 


SECTION 
‘ : : 
ee 

SECTION 


Fig. 6—Equivalent dissapative area under dielectric. 


CONDUCTOR LOSSES 


The component of field H, gives rise to surface cur- 
rents in the conductor planes in the zg direction and the 
field H, to currents in the y direction. Consider first the 
currents in the zg direction for that portion of metal 
surface in contact with the dielectric. Shown in Fig. 6 is 
the original area per section in contact with one metal 
plane conductor and the equivalent area in terms of 
both the total original area and also the magnitude of 
the magnetic fields to which the surface is subjected. 
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The equivalent area can be seen to be built up of an 
equivalent piece taken from the original area and the 
substitution of equivalent areas above and below the 
field symmetry line. The power dissipated per section 
in the conductor walls under the dielectric by currents 
in the z direction is then, assuming negligible reaction 
on the modal character, 


+d/2 


Dez = 2(w + d)(cot 6 -+ tan OR. [ | 18k, |2dz"’ 


—d/2 
where R, is the surface resistivity of the conductor. 


Upon integration, this expression becomes 


Ree\” 
Dez = 2 ( - ) | A. |? R,d(w + d)(cot @ + tan 6) 


wu 
sin kd | 
12 zal 


[4 jars 


A similar integration yields for the power dissipated 


2 2/1 


€ 


per section by currents in the y direction, 


2 R.d(w + d)(cot 6 + tan @) 


sin =< 
kid 


By a similar determination of the equivalent area per 
section for the walls enclosing the air dielectric section, 
the power dissipated per section by currents in the zg 
direction may be determined to be 


Res Z 
1 2/ ) | Ao 
Ld 


i |r. [2+ 2 


> R,w(w + d)(cot 6 + tan @) 
sin k,ow 
RoW | 
and the power dissipated per section in the y direction is 
Doy = 2 (=) | 4, |? R.w(w + d)(cot 6 + tan @) 
OM 


sin &.,w 
[1 +r, = i 
ReoW 


The total dissipation per section in the conductors is 
then 


Re 


2 2|T,| 


DD, = ee SF De = De ae De (23) 


The attenuation constant arising from attenuation in 
the walls is then 
Lee) eos b 
2 Pr w+d 


a = (24) 
where P7 is given by (21) and the factor cos@/w+d con- 
verts the dissipation per section to that per unit length. 

Again, the low frequency assumption reduces (23) 
such that when combined with (21) the expression 
for attenuation becomes identical to that calculated 
directly from the low frequency field equations, namely, 


January 


DIELECTRIC LOSSES 
Power dissipated per section in dielectric is given by 


d/2 


| Es\PaZe 


D, = (w + d)(cot 6+ tan @) hwe tan of 


—d/2 


where tan 6 is the loss tangent of the dielectric and € is 
the absolute dielectric constant. Upon integration, the 
dissipated power becomes 


D, = we tan 6 | A,|? h(w + d)d(cot 6 + tan 6) 


E ip. le eh ar sin “I 
; “tr | € fle hog 


(25) 


That portion of the attenuation resulting from dielec- 
tric losses is then 


ee) ee COsSey: 
2 Pry W+ad 


(26) 
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The low frequency approximation for the attenuation 
resulting from dielectric losses is given by 


we tan 6 ———— 
wit d 
or = —— = 


, (=) 
we 
1 k. d 
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APPLICATION OF ANALYSIS TO COAXIAL LINE WITH 
HELICAL SUPPORT 


(26a) 


The phase constants, guide wavelength, and critical 
frequencies calculated for the equivalent parallel plate 
structure are assumed to be identical to those for the 
corresponding coaxial line, where, as initially indicated, 
the mean periphery of the coaxial line corresponds to 
the width of equivalent parallel plate. This same 
equivalence has begn used to calculate the cutoff fre- 
quencies of coaxial line with good accuracy.’ 

To determine the attenuation of the coaxial line, the 
ratio of actual attenuation to that of the low frequency 
approximation is assumed to be the same for that of the 
coaxial line as for the equivalent parallel plate structure. 
Thus, for a coaxial line with helical dielectric support, 
attenuation resulting from conductor losses becomes 


(= 8 KS, 
1 ad =) Qe 
hee = (27) 


2 Ze QAcLF 


°S. A. Schelkunoff, “Electromagnetic Waves,” N. Y., D. Van 
Nostrand Co., Inc., 1951, p. 327, Fig. 8.51. 
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where Z, is the characteristic impedance of the cable, 
R;; and d are respectively the surface resistivity and 
diameter of the inner conductor, R,. and D are respec- 
tively the surface resistivity and diameter of the outer 
conductor, arr is the low frequency approximation for 
the parallel plate conductor attenuation obtained from 
(24a) and a, is the actual value for the parallel plate con- 
ductor attenuation from (24). The attenuation resulting 
from dielectric losses is given by 


Qe 
tan 6- (==) 

QeLF 
where Z, is the usual low frequency value of charac- 
teristic impedance of the cable, such as would be ob- 
tained from capacitance measurements, Z,. is the char- 
acteristic impedance of the cable with dielectric re- 
moved, a zr is the low frequency approximation for 
the attenuation of the parallel plate which is due to 
dielectric losses as given in (26a) and a, is the actual 
attenuation of the parallel plate line caused by dielec- 
tric losses as given in (26). The total attenuation for the 
coaxial line is 


A ay ROE 
w+td Zoo Xr 


hee = 


(28) 


ATc — Ace =p Qec- 


(29) 


The impedance of the cable and its possible variation 
with frequency requires further investigation. 


CALCULATED PERFORMANCE OF 3 INCH 50 OHM 
STYROFLEX LINE AND COMPARISON WITH 
MEASUREMENTS 


Using the foregoing analysis, the propagation con- 
stants, some cutoff frequencies, and the attenuation in 
the dominant mode were calculated using the following 


dimensions for 4 inch Styroflex line: 
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The dimensions for the equivalent parallel plate line 
and other constant used were the following values: 


Ad — 165 
jp Pes et Saadeh | yet 99/1 
2 
d = 0985” 
‘421 + 6S) 
Bxepauel (6 = 32°) 
2X 564 


w= .564 cos 6—.0985” = .380” 

Polystyrene k,= 2.56; tan 6=.0002 

Surface Resistivity of Copper = R, = 2.61 X 10-7 \/f i 
Surface Resistivity of Aluminum = R,4=3.26 X 1077 \/f. 


The effect of the binder tapes is neglected, the helix 
tape being assumed to extend to the outer conductor. 

The critical frequencies calculated are tabulated as 
follows: 


0 Con- ee Con- 
Aes: dition “= dition 
11.31 kmc/sec (A) 20.44 kmc/sec ee 
14.41 kmc/sec (B) 23.56 kmc/sec (D) 
24.59 kmc/sec (C) 


The chief band of interest is that between the frequen- 
cies zero and 11.31 kmc/sec. An attenuation band for 
propagation in the gz direction exists between 11.31 and 
14.41 kmc/sec with a second pass band appearing be- 
tween 14.41 and 24.59 kmc/sec. The corresponding con- 
ditions of Table I are listed along with the frequencies. 
For n=1 in (17), and the conditions indicated in Table 
I, two other critical frequencies are calculated. An 
attenuation band exists between (C) and (D). From the 
above computations, there appears to be no higher 
mode interference in the chief band of interest. 


TABLE Ii 


ANALYSIS OF OPERATION 
DOMINANT MODE 


_ e hee | ee f 
Frequency _: me Fs | T> T. IB, IE ge eye aed 
k k debe Ws eae Gael fe 
kmc/sec | | 0 % % 
0 BOLO an .793 1.480 | 1.150 lO .206 71.9 LDS 5.8 0 
6.28 .615 .789 1 A78— |" 1.460 = »154 .263 71.8 Pil sf (8) sD 
8.24 .620 RL Osaen| eA Oman 1.169 — edo .333 PL GP DS las .729 
9.90 .630 he | 1.472 1.189 — 900 .440 69.2 Dies 9.5 .875 
10.48 .640 .768 Ais a) a XD — .480 E553 64.6 WD, eel 927 
11.03 .660 EftSul 12459755) 1.244 — .698 | .869 42.7 Po) 588) S060) .975 
ilibeawl .685 i PX:) 1.447 | LE292 ha) 0) 0 44.6 55.4 1.0 
Conductor . 165” Shown in Table II above, for the parallel plate equiv- 
Helix-Width .0985” alent corresponding to 4 inch Styroflex, are values of 
Helix-Lay .564" phase constants divided by the free space phase con- 
Helix-O.D. . 380” stant; the square of the ratio of free space wavelength 
Binder-Tape 3 Tapes .907”" X .00473" divided by the guide wavelength, (A/),)?; the reflection 
Binder-O.D. .408” coefficients associated with propagation in the zg direc- 
Aluminum Sheath I.D. a tion; and the percentages of power in given directions in 
Aluminum Sheath O.D. . 500” air and dielectric all tabulated as a function of fre- 
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quency. As indicated in the relative frequency scale of 
the table, significant changes in the data are confined 
to the frequencies beyond } the critical frequency for 
dominant mode operation. This is for the most part 
beyond the range at present considered for commerical 
use of the cable. 

The over-all change in (k,/k) is +12.4 per cent, that 
for (kzo/k) is —8.2 per cent and that for (k../k) is —2.3 
per cent. These changes in themselves are nominal and 
do not reflect the strong changes in the direction of 
power flow which takes place as the critical frequency 
is approached. The quantity, (A/A,), shows that the 
guide wavelength decreases with frequency at a greater 
rate than the free space wavelength. For the low fre- 
quency approximation (A/\,) is equivalent to the square 
root of the relative dielectric constant. Continuing this 
concept, it would be expected that there is a factor 
which reduces the characteristic impedance by the per- 
centage change in the values of (A/A,) over its zero fre- 
quency value. Further investigation is required before 
a useful value of impedance can be proposed since the 
influence of changes in field pattern has not as yet been 
considered. 

The values of reflection coefficient I, and I. are noted 
to have finite values at zero frequency. The electric 
field is uniform at low frequencies primarily because 
there is insufficient phase variation for the reflection co- 
efficients to exert their effect. At the critical frequency, 
however, the variation acts like a complete standing 
wave in the z direction. This variation is depicted in 
Fig. 7 where the relative magnitude of electric field is 
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Fig. 7—Variation of electric field in cross section. — 7 "F 


plotted as a function of distance in the z direction for 
11.31 kmc/sec. This variation has a discontinuous de- 
rivative at the interface between air and dielectric as 
noted from the indicated angles. The variation would be 


January 


of identical character in the transverse cross section 
of the line. In the coaxial line with helical support the 
corresponding cross sectional field pattern would have 
one zero and one maximum in the variation with angle. 
The distribution for lower frequencies lacks the zero 
value but has minimum and maximum fields at the 
same locations as illustrated in Fig. 7 by a plot of the 
relative field variation at 9.9 kmc/sec. 

The power crossing any given cross section can be 
arbitrarily broken up into the power in the z direction, 
P,; the power in the y direction in the air section, Pyo; 
and the power in the y direction in the dielectric section, 
Py; as indicated in Fig. 5. The proportioning for the 
low frequency approximation, indicated as zero fre- 
quency in Table II, could be arrived at using a TEM 
mode and simple geometry. The power in the gz direction 
(perpendicular to the dielectric) is the largest proportion 
because the dielectric makes an angle of 32 degrees with 
the transverse direction. The total power in the y direc- 
tion divides in proportion to the widths of the sections. 
The major change up to about 10.0 kmc/sec is the gain 
of power in the dielectric section, a familiar effect for 
microwave transmission lines. Further increase in fre- 
quency causes the propagation in the y direction to 
mount rapidly being entirely in the y direction at the 
critical frequency. At these higher frequencies, the 
efficiency could be expected to be seriously impaired 
because of the distorted mode and length of path of 
transmission. 

Using the foregoing analysis, the attenuation values 
were calculated for $ inch Styroflex cable for all fre- 
quencies up to 11.31 kmc/sec, first critical frequency. 

For the equivalent parallel plate line, the analysis 
gives exactly the ratio of the actual attenuation to the 
attenuation calculated using the low frequency ap- 
proximation. Table III lists separately these ratios for 


TABLE III 
ATTENUATION DATA FOR 3 INCH O.D. STYROFLEX CABLE 


Correction Factor Coax Line 
Parallel Peak Low Freq. Approx. 
Freq. in kmc R Bs 
ee J OeLF 
ae eae “eclF  ltan 8=.0003 
0 1 1 0 0 
2 1.003 1.011 Seon . 7632 
4 1.008 1.035 4.974 1.526 
6.28 1.028 fedt2 6.23 2.396 
8.24 1.06 dei 7.14 3.144 
9.9 12239 1.576 7.829 3.778 
10.48 1.413 2.153 8.05 3.999 
11.03 1.915 5.329 8.259 4.209 
esi 4.069 6.849 8.364 4.316 


the attenuation caused by conductor loss and that 
caused by dielectric loss. These factors are assumed to 
apply as correction factors to the attenuation of the 
coaxial structure calculated by the use of the low fre- 
quency approximation. These coaxial attenuation 
values are also listed in Table III for a dielectric loss 
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tangent of 0.0003. The curves for the corrected values 
of coaxial attenuation are shown plotted separately in 
Fig. 8 for the conductor and dielectric loss. The attenu- 
ation caused by conductor loss is noted to predominate 
virtually over the entire frequency band in spite of the 
fact that there is a more marked correction factor for 
the attenuation caused by dielectric loss. 
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Fig. 8—Attenuation vs frequency, 3 inch O.D. 50 ohm Styroflex cable. 
Loss Tangent =0.0003. 


The total calculated attenuation is plotted in Fig. 8 
along with curves for measured values‘ and the total 
attenuation obtained from the use of the low frequency 
approximation. In particular, the attenuation values for 
the low frequency attenuation do not contain the rise 
toward peak values as the critrical frequency is ap- 
proached, whereas the measured values and the values 
calculated from the foregoing analysis do show this 
rise; use of the logarithmic scale for attenuation should 
be noted. From the curve it is evident that the applica- 
tion of the correction factors of Table III appears to 
be warranted for frequencies above 4.0 kmc/sec. At 9.9 
kmc/sec, the attenuation value for the low frequency 
approximation is 30 per cent below that of the more 
complete analysis. The agreement between measured 
values and those of the analysis are dependent on the 
value used for the loss tangent of the dielectric. A loss 
tangent value of 0.0003 which is representative of 


4 Measured at Signal Corps Engineering Laboratories. 
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polystyrene at these frequencies was chosen for the 
calculated curve of attenuation for Fig. 8. At 9.9 
kmc/sec, the measured value is 7.4 per cent above the 
calculated value. In view of the overlap of calculated 
and measured values at 2.5 kmc/sec, a lower value of 
loss tangent is perhaps appropriate for the lower fre- 
quencies. The measured values can be expected to ex- 
ceed the calculated values because the measured sur- 
face resistance values of the metal are known to exceed 
theoretical values, particularly for frequencies ap- 
proaching 10.0 kmc/sec. This effect would be empha- 
sized by the existence of transverse components of 
surface currents which the analysis indicates. Further 
detailed investigation would be necessary to warrant 
closer detailed examination of the agreement between 
the theoretical and experimental results. 


COMMENTS 


An equivalent parallel plate structure has been used to 
analyze the frequency limitations and performance 
characteristics of a coaxial line with a helical dielectric 
support. The key to equivalence of the parallel plate 
and coaxial structure is the imposed boundary condition 
that, at any given transverse cross section for the 
parallel plate, the fields at the sides are identical in 
magnitude and phase angle. An analysis in terms of 
component transmission lines, one parallel to the dielec- 
tric and the other perpendicular to the dielectric, may 
then be used to determine the detailed fields and their 
variation with frequency. The performance of the overall 
transmission line reflects the iterative line character- 
istics of the component transmission line perpendicular 
to the dielectric, and gives rise to pass bands and high 
attenuation bands for the over-all transmission line. 

For 3} inch Styroflex transmission line, analysis 
based on the low frequency approximation, which 
assumes cross sectional fields independent of angle 
and an equivalent dielectric constant correspond- 
ing to the air and dielectric sections in parallel, is 
accurate up to about 4.0 kmc/sec or about 35 per cent 
of the cutoff frequency. Above this frequency, the anal- 
ysis indicates that the power component in the dielectric 
directed parallel to the dielectric grows at the expense of 
the power component directed perpendicular to the he- 
lix while the power component in the air directed parallel 
to the helix remains, for the most part, reasonably 
constant. The increase of the field in the dielectric 
corresponds with a reduction in the guide wavelength 
and would imply a reduction in the characteristic im- 
pedance of the line. Similar behavior would be expected 
for other coaxial lines with a helical dielectric support, 
but the details of operation would be dependent on the 
proportion of dielectric and the pitch angle. 

In the analysis, the line has been assumed smooth in 
the direction parallel to the helix. Precise construction 
of the line would be necessary to maintain this condition 
since it is evident that eccentricity would give rise to a 
line with periodicities in this direction. 
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Improved Microwave Noise Measurements 
Using Ferrites* 


C. H. MAYERf 


Summary—tThe ferrite isolator and the ferrite circulator have 
been applied separately to improve the accuracy of measuring small 
microwave noise powers or small power differences. Either the iso- 
lator or the circulator effectively isolated the input circuit of a micro- 
wave receiver from the impedance of the source. As a result, the 
measurement errors introduced by mismatched source impedances 
were reduced by as much as 98 per cent. The added input circuit 
losses of the ferrite components reduced the receiver sensitivity by 
only about 10 per cent. Since the accuracy of measuring small noise 
power differences was limited principally by impedance errors, the 
addition of ferrite isolation to the receiver input circuit increased the 
sensitivity of measurement to near the theoretical limit. 

The ferrite isolator was used as a passive transmission element 
in these experiments. The ferrite circulator, however, was used as 
an electrically-operated, microwave switch. This switch was used to 
replace the mechanical chopper in a Dicke-type radiometer. In addi- 
tion to impedance isolation, the ferrite switch makes possible rapid 
comparison measurements of the microwave noise powers from any 
two sources, or of the noise powers from the same source in two dif- 
ferent polarizations. 


INTRODUCTION 
ales MEASUREMENT of microwave noise pow- 


ers is complicated by the similar characteristics of 

the signal power and the noise power generated 
in the measuring apparatus. When the signal power is 
small compared with the apparatus noise level, a meas- 
urement must be made of a small change in the total 
output noise power. The limiting sensitivity of a 
simple microwave receiver is generally determined by 
variations in the gain and noise factor of the receiver. 
The effects of receiver instabilities can be greatly re- 
duced by adding the rapid comparison technique de- 
scribed by Dicke! to the simple receiver. The resulting 
apparatus is referred to as a microwave radiometer. In 
this system, the noise power output of the receiver is 
modulated by periodically substituting a second noise 
source for the source being measured. The modulation 
amplitude is a measure of the difference between the 
noise powers from the two sources. When the second 
noise source is a known standard, the noise power from 
the unknown source is measured relative to an absolute 
power level. With the microwave radiometer, the sensi- 
tivity of measurement approaches the theoretical limit 
set by the statistical nature of the receiver noise power. 
This limit can be controlled by adjusting the instru- 
mental constants of the radiometer; in practice, noise 


* This paper was presented in part at the Joint Meeting of URSI 
and IRE, Ottawa, Canada, October 5, 1953; at the Washington Con- 
ference on Radio Astronomy, Washington, D. C., January 6, 1954; 
aed published in J. Geophys. Res., vol. 59, pp. 188-191; March, 


+ U. S. Naval Res. Lab., Washington, D. C. 
1R. H. Dicke, “The measurement of thermal radiation at micro- 
wave frequencies,” Rev. Sci. Instr., vol. 17, pp. 268-275; July, 1946. 


power differences of the order of 0.1 per cent of the 
noise level of the apparatus should be detected with a 
one-second response time. For a typical microwave 
radiometer the minimum detectable power is about 
10- watts. 

With this high sensitivity, the measurement inac- 
curacies resulting from small changes in the radio- 
frequency impedance presented to the receiver input 
circuit become most important. The input impedance 
and consequently the noise power output of a microwave 
receiver are dependent on the radio-frequency source 
impedance. In the comparison radiometer, a changing 
impedance is presented to the receiver as the input is 
switched between the antenna, or other source of micro- 
wave noise power, and the comparison standard noise 
source. This change in impedance is synchronous with 
the desired modulation of the receiver noise level which 
corresponds to the difference between the power level 
of the source and the power level of the comparison 
standard. Since the desired and the undesired modula- 
tions pass through the receiver circuits together, the 
output reading of the radiometer is in error by an 
amount dependent on the radio-frequency impedance 
connected to the radiometer input, and on the coupling 
between the radio-frequency and _ intermediate-fre- 
quency circuits. When a superheterodyne receiver with- 
out image frequency rejection is used in the radiometer, 
the error in the radiometer output depends also on the 
length of the radio-frequency transmission line because 
of interference effects between the sum and difference 
frequency bands. Experimental observations indicate 
that when the receiver input circuit is a simple micro- 
wave converter, a source impedance mismatch corre- 
sponding to a voltage standing-wave ratio of 1.2 can 
cause errors in the output reading of a radiometer which 
are of the order of 100 times the minimum power which 
is detectable in the absence of reflection effects. These 
impedance errors place a serious limitation on the ac- 
curacy of measuring small microwave noise powers 
because of the difficulty of impedance matching an- 
tennas and other microwave components over the 
broad frequency bands used in microwave radiometry. 
Corrections for impedance error are uncertain and time 
consuming because of the complex dependence of the 
receiver response on frequency, input impedance, and 
line length. It is, therefore, desirable to isolate the 
receiver from the source impedance if this can be done 
with little sacrifice in receiver sensitivity. A balanced 
converter circuit can be made to minimize the inter- 
action between the radio-frequency source impedance 
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and the intermediate-frequency circuit.!:?> However, it 
has been found difficult to balance and maintain the 
critical factors in the converter circuit so that the 
impedance-induced output variations are consistently 
less than 10 or 20 times minimum detectable power. 

Ferrite waveguide components with nonreciprocal 
transmission characteristics and small absorption losses 
provide a means of isolating the radiometer from the 
source impedance which does not depend on critical 
mixer characteristics. The applications of the ferrite 
isolater and the ferrite circulator? to the problem of 
receiver isolation were investigated experimentally. The 
results described in the following paragraphs indicate 
that either of these ferrite components can be used 
effectively to reduce the measurement errors caused by 
mismatched radio-frequency source impedances. In this 
application, the ferrite circulator was used as an elec- 
trically-controlled microwave switch and was substi- 
tuted for the mechanical modulator in the radiometer 
referred to earlier. When used in this way the ferrite 
switch gives the added advantage of electrical switching 
and makes possible a wider variety of measurements 
with the radiometer. 


Lf 


Fig. 1—The apparatus used to observe the effect of a mismatched 
source impedance on the noise power output of a microwave re- 
ceiver at 3.15 cm wavelength. The dielectric plug was drawn 
through the input waveguide at a constant rate to simulate a 
source impedance with a variable line length. 


OBSERVATION OF IMPEDANCE DEPENDENCE 


The apparatus shown in Fig. 1 was used to observe 
the effect of a mismatched source impedance on the 


2R. V. Pound, “Microwave Mixers,” McGraw-Hill Book Co., 
Inc., New York, N. Y. , pp. 276-279; 1948. 
ITC 1p Hogan, “The ferromagnetic Faraday effect at microwave 
frequencies and its applications—the microwave gyrator,” Bell Sys. 
Tech. Jour., vol. 31 pp. 1-31: January, 1952. 
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noise power output of a microwave radiometer operat- 
ing at a wavelength of 3.15 cm. The comparison radi- 
ometer system was preferred over a simple microwave 
receiver because of better stability in observations of 
receiver output variations corresponding to small power 
levels. The frequency response of the receiver was 
limited mainly by the bandpass of the intermediate- 
frequency amplifier; therefore, both the sum and dif- 
ference bands of radio frequencies were converted to the 
intermediate frequency. The relative path lengths to 
the two crystals in the balanced mixer were adjusted 
for maximum coupling between the input impedance 
and the output noise power! so that the effect of a 
small impedance mismatch could be observed. A single 
crystal mixer was not used because of the added com- 
plexity of interpreting the data with greater leakage of 
local oscillator power into the antenna line. The re- 
ceiver noise factor was about 13 db, the bandpass of 
the intermediate-frequency amplifier was 5.5 mc cen- 
tered at 30 mc, and the output time constant was one- 
half second. A microwave noise source with constant 
power output and fixed radio-frequency reflection was 
approximated by fitting a resistively terminated dielec- 
tric plug into waveguide. The plug was drawn at a 
uniform rate through a long waveguide transmission 
line connected to the receiver input in order to change 
the impedance presented to the mixer in a systematic 
manner. The output of the radiometer was recorded with 
an Esterline-Angus graphic meter. The recorded output 
is not strictly proportional to power, however, the de- 
viation from proportionality is small over the range of 
the measurements and has been neglected for simplicity 
of discussion. 
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Fig. 2—Records of the variation in the noise power output of the 
receiver as a mismatched impedance was moved through a length 
of input waveguide of about 12 feet. The right-hand side of the 
records corresponds to the position of the impedance nearest to 
the receiver input circuit. (a) vswr of impedance 2.33; (b) 
vswr of impedance 1.50. 


Fig. 2 shows recordings of the variation in the output 
of the radiometer when plugs with voltage-standing- 
wave-ratios of 2.33 [Fig. 2(a) | and 1.5 [Fig. 2(b)] were 
drawn through the waveguide. The short period of the 
variation corresponds to a change in the length of the 
input transmission line approximately equal to one-half 
of a local oscillator wavelength in waveguide. The long 
period envelope of the variation results from the re- 
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sponse of the superheterodyne receiver to both the sum 
and the difference bands of radio frequencies which are 


separated by twice the intermediate frequency. This 
period corresponds to a length of input transmission line 
which is one-half wavelength longer for the signal than 
for the image, in this case about six feet. The recordings 
shown in Fig. 2 demonstrate qualitatively the depend- 
ence of the noise power output of the radiometer on the 
magnitude and phase of the source impedance, and on 
the length of transmission line separating the source 
impedance from the receiver input. A change in input 
noise power of 6X10~-“4 watts would be required to 
change the radiometer output by the amount of the peak 
variation shown in Fig. 2(a). The amplitude of the out- 
put variations shown in Fig. 2 would have been reduced 
by approximately 75 per cent by proper adjustment of 
the path lengths to the two crystals in the balanced mix- 
er. The general reduction in the magnitude of the varia- 
tion from right to left is due to waveguide attenuation. 


APPLICATION OF THE FERRITE JSOLATOR 


The ferrite isolator® is a waveguide transmission-line 
component with greater attenuation for one direction of 
propagation than for the reverse direction. At centi- 
meter wavelengths it is practical to make isolators with 
less than 0.5 db attenuation for one direction of propa- 
gation, and more than 30 db for the reverse direction. 
When the isolator is included in the input transmission 
line of a receiver, the reduction in the dependence of the 
receiver output noise power on a mismatched source 
impedance is comparable to one-half the difference be- 
tween the reverse and the forward attenuations of the 
isolator, where all of factors are expressed in decibels. 

A commercially built isolator (Uniline) of the ferrite 
rotator type was used for the experimental tests. At the 
wavelength of 3.15 cm the forward attenuation of the 
isolator was 0.5 db and the reverse attenuation was 20 
db. Fig. 3(a) shows the recorded variation in the output 
of the radiometer as the plug with a voltage-standing- 
wave-ratio of 2.33 was drawn through the input wave- 
guide. Fig. 3(b) shows the result of inserting the isolator 
in the transmission line at point A in Fig. 1 and repeat- 
ing the test procedure. The variations in the noise power 
output of the radiometer caused by the mismatched 
impedance are reduced about 90 per cent. The reduction 
in the signal response by the forward attenuation of the 
isolator is indicated by the change in the measured level 
of the heated thermal-noise source when the isolator 
was inserted in the transmission line. The indication is 
not exact because of the impedance error when the isola- 
tor was out of the circuit. The isolator used was de- 
signed to operate over a band centered at 3.26 cm. Be- 
cause of greater reverse attenuation at the band center, 
the reduction in the receiver output variations would 
have been about 96 per cent if the test had been made 
at this wavelength. 

The isolation of the receiver from the source imped- 
ance can be increased by building an isolator with a 
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higher ratio of reverse attenuation to forward attenua- 
tion, or by connecting several isolators in cascade. The 
deterioration of receiver sensitivity can be lessened by 
building an isolator with a forward attenuation which 
is smaller than 0.5 db loss of isolator used here. Accord- 
ing to reported loss values for recently developed ferrite 
materials, it should be possible to construct isolators 
with transmission losses of less than 0.25 db. 
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Fig. 3—The effect of inserting a ferrite isolator with attenuations of 
0.5 db (forward) and 20 db (reverse) in the receiver input trans- 
mission line. The records show the variation in the noise power 
output of the receiver as the mismatched impedance with a 
vswr of 2.33 was moved through a length of input waveguide 
of about 6 feet. (a) Input circuit without ferrite isolator; (b) in- 
put circuit with ferrite isolator. 


APPLICATION OF THE FERRITE CIRCULATOR 


The ferrite circulator* is a four-terminal microwave 
network with nonreciprocal transmission characteristics. 
A circulator was assembled from laboratory compo- 
nents and a 90 degree ferrite rotator as shown in Fig. 4. 
The transmission properties are such that, for one 
direction of axial magnetization of the ferrite, power is 
transmitted from terminals 1 to 2, 2 to 3, 3 to 4, and 4 to 
1 with small attenuation, while power transmitted in 
the opposite directions is highly attenuated. When the 
direction of the magnetic field applied to the ferrite 
rotator is reversed, the paths with low attenuation and 
the paths with high attenuation are interchanged. In 
this way, a microwave receiver connected to terminal 2 
can be switched between a source of power connected to 
terminal 1 and a second source of power connected to 
terminal 3 by alternating the direction of the magnetic 
field applied to the ferrite rotator. To switch the circu- 
lator, an alternating magnetic field was applied to the 
ferrite by exciting a solenoid wound around the wave- 
guide with an audio-frequency, square-wave current. 
This ferrite switch was used to replace the rotating 
lossy-disk chopper which dips into the input waveguide 
30 times a second to act as both the comparison switch 
and the standard comparison noise source in the radi- 
ometer diagrammed in Fig. 1. 
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The nonreciprocal transmission properties of the 
ferrite switch provide good isolation of the receiver 
from the source impedance. In this application, the 
apparent isolation of the receiver is greater than would 
be indicated by the forward-to-reverse attenuation 
ratio of the switch. Because the circuit is symmetrical, 
the impedances presented to the receiver over the two 
halves of the switching cycle are nearly the same, even 
though the impedances of the two sources differ. The 
ferrite switch used for the experimental tests had 
attenuations of 0.4 db and 25 db for the two directions 
of propagation over the radio-frequency band of the 
receiver. In order to make a direct comparison between 
the characteristics of the radiometer when either the 
ferrite switch or the lossy-disk chopper were used, the 
solenoid around the ferrite was excited at 30 cycles 
per second to correspond to the modulation frequency 
of the mechanical chopper. The receiver was connected 
to terminal 2 of the ferrite switch, the input trans- 
mission line to terminal 1, and a resistive termination 
at room temperature, corresponding to the _ lossy 
chopper disk, was connected to terminal 3. A matched 
termination was connected to terminal 4, the unused 
terminal. 


Fig. 4—The ferrite circulator used as a microwave switch in the ra- 
diometer. The polarization of the wave in the circular waveguide 
section was rotated from 90 degrees clockwise to 90 degrees coun- 
terclockwise 30 times a second by alternating the magnetic field 
applied to the ferrite. The periodic 180 degree phase shift intro- 
duced in one branch of the hybrid circuit made it possible to 
realize the advantages of rapid electrical switching along with the 
advantage of nonreciprocal transmission. 


Fig. 5(a) shows the variation in the output of the 
radiometer with the lossy-disk chopper as the plug with 
a_ voltage-standing-wave-ratio of 2.33 was drawn 
through the input transmission line. Fig. 5(b) shows the 
variation in the output of the same radiometer when 
the ferrite switch was substituted for the lossy-disk 
chopper and the plug was again drawn through the 
input waveguide. When the ferrite switch was used, 
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the magnitude of the variation in the output noise 
power of the receiver was about two per cent of the 
magnitude of the variations when the _ lossy-disk 
chopper was used. The reduction of signal response 
caused by the 0.4 db transmission loss of the ferrite 
switch is indicated by the response of the radiometer to 
the power from the heated thermal noise source. It is 
probable that a ferrite switch could be constructed to 
give performance which is superior to that of the experi- 
mental model used for these tests. 
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Fig. 5—The effect of substituting the ferrite switch for the mechani- 
cal chopper between the points marked A and B in Fig. 1. The 
records show the variation in the noise power output of the re- 
ceiver as the mismatched impedance with a vswr of 2.33 was 
moved through a length of input waveguide of about 6 feet. (a) 
With the mechanical chopper in the input circuit; (b) with the 
ferrite switch substituted for the mechanical chopper. 


The ferrite switch has several desirable characteris- 
tics in addition to impedance isolation when used as the 
comparison switch in a microwave radiometer. Since the 
switching is accomplished electrically rather than 
mechanically, the problems associated with mechanical 
vibrations of the crystal mixers, the local oscillator, and 
the amplifiers are reduced. The rate of switching can 
be increased to high audio frequencies to allow more 
rapid comparisons and a reduction of the lower limit 
on radiometer response time. Another desirable feature 
is that any two sources of microwave noise power can 
be connected to the ferrite switch and compared di- 
rectly. For example, the receiver input can be switched 
between the outputs of two antennas at an audio- 
frequency rate to compare the radiations received from 
two directions in space or the radiations received in two 
different polarizations. If desired, a second receiver can 
be connected to the unused terminal of the switch for 
parallel operation with the first receiver. 


CONCLUSIONS 


The limitation to the accurate measurement of small 
microwave noise powers is imposed by the dependence 
of the receiver output noise power on the radio-fre- 
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quency source impedance. This limit was effectively 
reduced by the use of ferrite waveguide components in 
the radiometer input circuit. A reduction of 98 per cent 
in the effect of a mismatched radio-frequency source 
impedance was easily obtained and greater reductions 
are possible. The input circuit losses introduced by the 
ferrite components caused a degradation in receiver 
noise factor of about 10 per cent with a corresponding 
increase in the minimum detectable power of the sys- 
tem. The use of either a ferrite isolator or a ferrite 
circulator in the radiometer input circuit will allow 
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accurate measurements of small powers even when some 
of the critical requirements on the design of the input 
circuit and antenna are relaxed. In addition, the use of 
the ferrite circulator as the radiometer comparison 
switch makes possible a wider variety of direct com- 
parison measurements of microwave noise powers. 
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The Characteristic Impedance of the Shielded Slab Line 


R. H. T. BATES} 


Summary—The characteristic impedance of the shielded slab 
line is worked out exactly in terms of elliptic functions. A design graph 
is given to cover most practical applications. 


List OF SYMBOLS 


HE NOTATION used for the elliptic functions 
[ tetow E. T. Copson [1]. 
Independent complex variables. 
Variable parameters. 
Weierstrasse’s second order ellip- 
tic function. 
sn zg, cn, 2, dn z Jacobian elliptic functions. 


bin Dy Ola Spy iy 
‘Gh, lth Oh thy OD 


e (2) 


k Modulus of the elliptic functions. 
K Real quarter period of sn z. 
iG Imaginary half period of sn z. 


© (z) Jacobian theta function. 

Z (2) Jacobian zeta function. 

é, Relative permittivity of medium 
between shielding plates. 


INTRODUCTION 


The shielded slab transmission line has several ad- 
vantages over the coaxial line, especially when it is 
used as a slotted-line standing wave indicator for wave- 
lengths greater than one foot. The mechanical toler- 
ances are less stringent for a given reading accuracy. A 
good account of the advantages and disadvantages of 
this type of standing wave indicator is given by Wholey 
and Eldred [2], who give design curves for a circular 
inner conductor. 

In a recent paper Cohn [3] has given values of the 
characteristic impedance of the slab line, calculated 
from approximate formulas, for t/b less than 0.25, see 
Fig. 1. However, it is possible to solve the problem 
exactly, using elliptic functions. As these functions 
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have been comprehensively tabulated, the labor in- 
volved in producing the design graphs is probably less 
than that necessary for evaluating the approximate ex- 
pressions. Also, the exact formulas allow one to design 
lines having values of ¢/b up to unity. 

This paper describes the conformal transformations 
whereby the characteristic impedance of the slab line 
is determined. The results are shown on a chart, with 
\/e,Z0 as parameter. 


Fig. 1—Geometry of shielded slab line. 


EFFECT OF FINITE WIDTH OF SHIELDING PLATES 


The characteristic impedance of the slab line from 
now on will be referred to as Zo. 

In the calculation of Zo, the width, D, of the shielding 
plates is assumed infinite; see Fig. 1. In practice D does 
not have to be excessively large for this assumption to 
be valid. There is a convenient method of judging the 
effect of the finite value of D. The infinite plates are 
transformed into a cylinder. Then the angular width, 
6 radians, of the slot in the cylinder due to the finite 
width of the shielding plates is given by, 


aD 
6 = 4cosech ae 


In Fig. 2, 6 in degrees is plotted against D/bd. It is that 
the effect of a finite D can easily be made negligible. 
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DETERMINATION OF Zo 


It is convenient to bisect the slab line along that axis 
of symmetry parallel to the shielding plates. Fig. 3 
shows the transformations necessary to change the 
bisected system into two infinitesimally thin coplanar 
sheets, one finite and one infinite. 

Fig. 4 shows how a system of two coaxial cylinders 
can be transformed into a parallel plate line [4], exactly 
equivalent to the one shown in the s plane in Fig. 3. 
The details of the transformation are shown in Fig. 4. 
The numerical evaluation is simple for, 


W1 K 
Fig. 2—Angular width of slot in equivalent circular cylinder. Cres 
GEOMETRY TRANSFaRMATION 
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Fig. 3—Full lines represent constant potential boundaries; 7.e., conductors. Dotted lines represent streamlines of electric force. 
Hatching represents the region originally within the slab line after it has been transformed from plane to plane. 
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Fig. 4—Transformation of coaxial line into parallel plate line. 
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and w,=log, (1/a) = (1/60) Xcharacteristic impedance 
of coaxial cylinders. K and 7K’ are complete elliptic 
integrals of the first kind as well as the real quarter 
period and imaginary half period of sn (g, &). 

Only half the original system has been considered, so 
the characteristic impedance of the coaxial cylinders 
will be 2Zo. Fig. 5 (opposite) is a plot of Zo vs (e2—es)/ 
(e, —e3). With reference to Fig. 3 it is clear that 

€2 — &3 


—=cn’a (1) 
Gy = 63 


The main part of the problem is the solving of the 
integral equation derived from the Schwarz-Christof- 
fel transformation from z plane to the p plane, Fig. 3. 


z p 1 pe 2 1/2q 
eel] (1 — pap ter 
A ' (1 — p?)1?(1 — R®p%sn2 a) 


where a and & are constants for one set of values of 
W, t, and 0. 
Make the substitution, 


= sn u (2) 


Then, 


1 — k’sn? u sn? a 


v (1 — sn? u)du 
Z= f + M. 
0 


Refer to the chapter on Jacobian elliptic functions [1 ]. 
Transform the above integral into two Legendre elliptic 
integrals of the first and third kinds respectively. After 
a little manipulation the above equation reduces to, 


_ uf dn aZ(a) |- 


k?snacna 
4 O(u — a) : 
oo eee fae Si 


Now sn @ is always less than unity, so @ is real. Since 0 
(z) is an even function of gz, 


@(—a) 9 
O(a) a 


dn a 


2k? snacna 


So z= M when u=0. By inspection of Fig. 3 it can be 
seen that, 


lt 
Sls when p= 0. 
From (2), «=0 when p=0. So, 
M=j— (a 
2 


Also, z= W/2 when p=1/k, u=K-+jK’. Substituting 
into (3), using (4), and separating real and imaginary 
parts, 


Wir E pen oe] 


k?snacna 


(5) 
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dn aZ(a) 
is | (6) 
k?snacna 


7 dna a % 
——— -— — 2K 
R- snig cna 


l —_ 


since, 
@(K + 7K — a) 
O(K + 7K + a) 


= eftalk . 


The constant 6 is found very simply by integrating 
along a small semi-circle in the upper half of the p 
plane about the point 1/k sn a, and equating the result 
to the equivalent change in the z plane. Since the resi- 
due at p=1/k sn ais 


dn a 
2k? snacna 
then, 
a dna 


j= (7) 


k*?snacna 


NUMERICAL EVALUATION OF Zo 


From (5), (6), and (7), the following normalized ex- 
pressions can be formed, 


W 2K[k*? snacna 

z | za) | (8) 
b 1 dn a 
t a DK (pk Si) aaena 

= | — xa) |. (9) 
b K T dn a 


The most convenient way of evaluating these for- 
mulas was found to be the following, 
a) Take a given value of Zo. 
b) From Fig. 5, see (1), find the corresponding value 
of cn a. 
c) Substitute this value of cn @ into (8) and (9) and 
calculate W/b and t/b for several values of k. 
Sufficient tables for the calculations were found in 
Milne-Thomson [5, 6] and Jahnke and Emde. [7] 
Fig. 6, on page 32, is a plot of the results of the 
calculations. ~/e-Zo is the parameter. The graph should 
cover the design of the majority of slab lines. 


CONCLUSIONS 


The tables of elliptic functions available to the author 
were not suitable for calculating values of ~/e,Zo less 
than about 30Q and greater than about 2009. However, 
approximate formulas can give accurate answers for 
values of »/e,Zo less than about 302. The approximate 
formulas used by the author were similar to those used 
by Cohn and have therefore not been described. 

The results given by Cohn [3] agree well with those 
of this paper, which shows that approximate expressions 
give good answers for small values of t/b. It appears, 
however, that the exact formulas, (8) and (9), are 
needed for calculating \/e,Zo for values of t/b greater 
than about 0.25 and for values of w/b less than about 
OG 
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Fig. 5—Zo versus cn? a. 
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Characteristics of a New Serrated Choke 
KIYO TOMIYASUt anv J. J. BOLUSt 


Summary—A new type of serrated choke will permit cuts or gaps 
anywhere on the walls of a rectangular waveguide. The low gap im- 
pedance is provided essentially by closely spaced, quarter-wave- 
length, open-ended, two-wire-line stubs. Low power and high power 
characteristics of many designs are presented. 


INTRODUCTION 
\ NEW choke has been designed and tested which 


will permit cuts, slots, or gaps on waveguide 

walls hitherto considered impossible. Previously, 
only slots on the center of the broad wall of a guide 
supporting the dominant TE; mode as well as gaps in 
a transverse plane, such as a choke flange, were per- 
mitted. However, with the new serrated choke, slots or 
gaps are permitted anywhere on the guide walls; e.g., on 
the narrow wall in the longitudinal direction, on the 
broad wall not at its center, cuts or gaps at any angle on 
any wall, etc. Applications of the new choke are possible 
in microwave components and scanning antennas. 

Essentially the required low impedance across a gap 
is provided by closely spaced quarter-wavelength open- 
ended two-wire line stubs. A schematic diagram of a 
longitudinal serrated choke is shown in Fig. 1(a). The 
second conductors of the two-wire line stubs are pro- 
vided by the images of the serrations as shown in Fig. 
1(b) and Fig. 1(c). 

It may appear feasible to design a longitudinal choke 
without the serrations. Such a choke was actually 
tried but without success. A section of a waveguide 12 
inches long with unserrated choke was connected into a 
1X4 inch rectangular waveguide measuring setup. The 
input vswr varied from 1.05 to 3 and the insertion loss 
varied from 0.5 to 3 db as the effective length of the 
unserrated choke was varied using an adjustable short. 
The large variation in characteristics is due to the co- 
existence of two propagating waveguide modes in the 

+ Formerly with Sperry Gyroscope Co., Great Neck, N. Y., now 
with Gen. Elec. Microwave Lab., Palo Alto, Calif. 


t On leave from Sperry Gyroscope Co., now at Signal Corp Engrg. 
Labs., Ft. Monmouth, N. J. 


(a) 


BOTTOM WALL 


SERRATIONS 
oooo thon 
“ET GE alae 


(b) SIDE VIEW 
BOTTOM WALL 


MAGNETIC FIELD 


(c) ENLARGED SIDE 
VIEW 


Fig. 1—The serrated choke. 


choked waveguide region. These two modes could be 
considered as the TEi2,9 and TE3/2,. modes relative 
to the choked waveguide. The latter mode yields the 
dominant TEy mode in unchoked rectangular wave- 
guide. Inasmuch as these two modes have different cut- 
off wavelengths, whose ratio may be about 4, the re- 
spective propagation velocities will differ. This will re- 
sult in a spatial beating and hence partial power transfer 
characteristics between the primary waveguide and the 
“choke” waveguide.! By serrating the choke, the TEj/2,9 
mode will not propagate and the desired low impedance 
will be provided across the gap. 


1K. Tomiyasu and S. B. Cohn, “The transvar directional cou- 
pler,” Proc. IRE, vol. 41, pp. 922-926; July, 1953. 
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An investigation was conducted to obtain informa- 
tion which would make possible the design of a choke 
having minimum vswr and insertion loss and also high 
power-handling ability. To make the data complete, 
the frequency and phase velocity characteristics of the 
choke were also obtained. Since fabrication is a factor 
in determining the design of a component, chokes hav- 
ing a circular cross section were studied along with 
those having a rectangular cross section. 


CIRCULAR Cross SECTION CHOKES 


A cross section of the 12 inches long X band fixture 
used to test circular cross section chokes and a definition 
of symbols are given in Fig. 2. The choke pins, set in 
V shaped grooves, are held in place with a beryllium- 
copper strip and silver paint, thus allowing variation of 
pin length, diameter, and spacing. Image planes of 
various thicknesses, 7, are used to vary the waveguide 
gap, G. 


BERYLLIUM-COPPER STRIP 
—_ E = 
ee j /— SHIELD 
/ 
SSS / 
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CHOKE 
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! 
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Sa 
SIDE VIEW 


Fig. 2—Fixture used to test longitudinal serrated chokes, 
cross sectional view. 


The first choke pins had a diameter of 0.040 inch, was 
spaced 0.060 inch center to center, and extended 0.312 
inch. With the shield left off and a gap, G, of 0.060 
inch, it was found that the radiation was quite ex- 
cessive. The gap was reduced and it was noted that, 
even for a gap of approximately 0.015 inch, shielding 
was necessary. It was also determined that the position 
of the shield affected the operation of the chokes. When 
the enclosed volume of the shield is made too large, 
resonances within the shield structure occur; this re- 
sulted in high insertion losses at certain frequencies. 
With a fixed gap of 0.060 inch, the best characteristics 
were obtained when the shield was located at H=0.150 
inch and E=0.060 inch. 

Using the 0.040 inch diameter pin, the effect of pin 
length on the insertion loss is shown in Fig. 3 and on the 
vswr in Fig. 4. A residual insertion loss of 0.2 db of the 
fixture when the chokes were shorted out has been sub- 
tracted so that only the losses due to the chokes are plot- 
ted in Fig. 3. The data indicate that a length of approxi- 
mately 0.312 inch (0.99 \o/4 at 9,370 mc) gives the best 
results. Ao is the free-space wavelength. However, a 
length of 0.250 inch (0.80 \o/4 at 9,370 mc) also gives 
good results, so that the length can be varied between 
these two values without greatly affecting the vswr 
and insertion loss. 
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Fig. 3—Insertion loss as a function of frequency for circular cross 
section chokes with pin length as parameter. 
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Fig. 4—Vswr as a function of frequency for circular 
cross section chokes. 


Another characteristic of the chokes investigated is 
the phase velocity in the “choked” waveguide. This was 
measured by varying the position of a short circuit in 
the guide. With a fixed probe position in the slotted line, 
the short was moved through an integral number of half 
wavelengths to yield an average guide wavelength in the 
choked waveguide. By comparing this with the calcu- 
lated value of guide wavelength for an unperturbed 
rectangular waveguide (obtained by measuring fre- 
quency), the change in guide wavelength or phase veloc- 
ity in the choked waveguide was computed. The 
phase velocity characteristics for the several pin lengths 
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Fig. 5—Per cent change in phase velocity as a function of 
frequency for circular cross section chokes. 


used are given in Fig. 5 and show that the phase velocity 
(or guide wavelength) in the choked portion is reduced. 
Since the decrease in guide wavelength may be due 
not only to the loading effect of the chokes but to errors 
in the various parameters, an analysis of latter was made 
using general wavelength equation for TE;9 mode: 
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where 


d\, = guide wavelength 
o = free-space wavelength 
é, = relative dielectric constant of medium inside wave- 
guide 
f =frequency 
c=velocity of light 
a=inside broad dimension of waveguide. 


Taking the natural logarithm of (1) and then the deriva- 
tive results in the following: 


AX, 1 ; Nes ; Af fect G u ‘i Aa (2) 

—$ = — _ 1 n — 1) —— 

Ne ta Sina i f C Sa) 
where 


One 
h =e, & ; 
Xo 


By using typical values of errors in these parameters 
it was found that the factor Aa/a (~1/900) gave the 
greatest contribution to a 0.35 per cent change in phase 
velocity at the low frequency end of the waveguide 
band (A=3.1). Since the measured change in phase 
velocity exceeds 0.35 per cent it can be deduced that the 
loading effect of the chokes is the greater factor. 

To determine the effect of pin spacing, this dimension 
was increased from 0.060 to 0.120 inch. Since the vswr 
and phase velocity were not appreciably changed by 
this increase, the pin spacing was determined as not 
being critical, but should be about two times the pin 
diameter, D. 

With respect to pin diameter, it was found that 0.040 
to 0.050 inch gave the best over-all results at X band 
frequencies. The insertion loss of the 0.062 inch pins was 
higher than that for 0.040 inch pins and the 0.062 inch 
pins reduced slightly the change in phase velocity. 

When all factors are considered, a pin length of 0.90 
0/4 seems to yield a good compromise in the character- 
istics of vswr, insertion loss and phase velocity change. 


RECTANGULAR CROSS SECTION CHOKES 


For particular applications where choking action is 
desired over a considerable length, fabrication of circular 
cross section chokes may become a problem. For this 
reason, a choke having a rectangular cross section of the 
type shown in Fig. 6 was investigated in the fixture in 
Fig. 2. Several test sections were fabricated, each having 
a different choke width, W (dimension in the direction 
of propagation). The separation between choke pins was 
0.125 inch in all cases. The thickness of all chokes was 
0.125 inch and the length, L, was varied by removing 
material from the ends of the chokes. These choke 
sections were tested in the fixture shown in Fig. 2 by 
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Fig. 6—Rectangular cross section choke which was 
mounted on fixture in Fig. 2. 
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removing beryllium-copper strip and adding a mounting 
block to which choke sections could be bolted. 

It was found that this type of choke was particularly 
useful in places where no shielding could be used and 
the gaps encountered were less than 0.025 inch. For this 
particular application, it was found that chokes having 
a width, W, of 0.450 inch gave the best results when no 
shield was used. It is believed that this is due to the 
smaller amount of radiation obtained from this choke 
configuration. The effect of length was also investigated, 
and it was found that a length of 0.320 inch gave op- 
timum performance. The vswr characteristics for this 
choke as a function of gap size are shown in Fig. 7. Fur- 
thermore, the insertion loss and phase velocity measure- 
ments show that for G=0.010 inch they are about 0.3 
db and —2 per cent change respectively over the same 
frequency band. 
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Fig. 7—Vswr as a function of frequency for rectangular 
cross section chokes with gap size as parameter. 


HicH PowER MEASUREMENTS 


The circular and rectangular cross section chokes 
were tested at high power using a fixed tuned 4J50 
magnetron operating at 9,375 mc. The pulse width used 
was 1.2 usec, with a repetition rate of 800 cps and a 
peak power of approximately 240 kw. The air gap, G, 
used when testing the circular cross section chokes was 
approximately 0.010 inch. The choke pin diameter was 
0.040 inch, and the center-to-center distance, S, was 
0.060 inch. These chokes were able to carry the maxi- 
mum available peak power of 240 kw without any evi- 
dence of breakdown for choke lengths ranging from 
0.280 to 0.320 inch. 

Rectangular cross section chokes having widths, W, 
of 0.225 and 0.450 inch, spacing between chokes of 0.125 
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inch, and a thickness of 0.125 inch were tested. The gap 
was varied from 0.030 to 0.070 inch and the length was 
varied from 0.320 to 0.280 inch without any sign of the 
breakdown at the peak power of 240 kw. The corners 
and edges of these chokes were not rounded in any way. 
These high-power measurements indicate that both 
types of chokes are able to carry full rated waveguide 


power. 


REMARKS 


While it is possible to use the serrated choke on wave- 
guides other than rectangular in cross section, it should 
be noted that since effective gap impedance is actually 
nonzero, higher order modes are generated at gap. 
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In considering the use of the new choke for specific 
applications and configurations, the array of choke pins 
and its image plane can be interchanged. Also greater 
utility may be achieved by rotating the plane of the 
chokes to any other angle about an axis parallel to the 
longitudinal axis of the waveguide. 
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Microwave Filters Utilizing the Cutoff Effect 


P. A. RIZZI} 


Summary—Two band-rejection microwave filters employing the 
waveguide cutoff effect are discussed. One type utilizes the cutoff 
property in the series arm of an E plane tee to improve the filter’s 
characteristics, while the other utilizes this property in the EF and H 
arms of a magic tee. Experimental data for both single and multi- 
stage filters are presented. Methods of obtaining low standing wave 
ratios over a broad pass-band are also presented. 


INTRODUCTION 


N GENERAL, the design of microwave filters has 
| been treated from an equivalent circuit point of 

view. That is, low frequency filter theory is used to 
determine the configuration and from this the micro- 
wave analog is constructed. For example, by using reso- 
nant cavities and irises, the microwave equivalent of the 
series, shunt, and ladder type filters have been made.!~4 
In addition, m derived filter theory has been applied to 
microwaves for the design of band-rejection filters.® 
On the other hand, the design of a microwave filter 
sometimes entails the use of a property peculiar to 
waveguides. An example of this is the cutoff filter. In 
normal waveguide theory, the application of the bound- 
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Fig. 1—Rectangular waveguide structure. 


ary conditions at «=0 and x=a (Fig. 1) to Maxwell’s 
field equations reveals the fact that the electromag- 
netic wave (rectangular TE) mode) will only propagate 
unattenuated above the frequency f., where 


1 
2ar/ pe 
For frequencies below f., the wave will attenuate at the 
rate of a nepers per meter, where 


te : (1) 


3 2 
a= =4/ 1 — (=) 5 
a the 
6 The Rationalized MKS system of units will be used in this dis- 
cussion. 


(2) 
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Thus it is seen that the rectangular waveguide (or, in 
fact, any closed waveguide) is, by virtue of the cutoff 
effect, a high-pass filter. Consequently if a high-pass 
microwave filter is desired which passes frequencies 
above fi, one merely sets the width of the waveguide (a) 
so that f; is the cutoff frequency of the waveguide sec- 
tion. That is, let 


1 

of eae 

2fiv/ pe 

By adjusting the length of the cutoff section, any re- 

quired attenuation at frequencies below fi, can be ob- 
tained. 

Having reviewed the manner in which the cutoff prop- 

erty can be used to design a high-pass microwave filter, 

we will now show how this effect in conjunction with 


waveguide tees can be used to construct band rejection 
and possibly low-pass filters. 


Foam 


(3) 
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Fig. 2—A single-stage E plane cutoff filter. 


. THE £& PLANE TEE CUTOFF FILTER 


One method of constructing a band-rejection filter is 
to make use of the cutoff effect in the series arm of an 
E plane tee.’ Fig. 2 shows a single stage E plane cutoff 
filter. At frequencies below the cutoff frequency of the 
series arm (1) and above the cutoff frequency of the 
main guide, the microwave energy will be transmitted 
from port 1 to 2 with practically no loss. That is, since 
the series arm is beyond cutoff, the wave will “see” it 
not as a transmission line but as a small reactive element 
in series with the main guide. Above the cutoff frequency 
of the series arm, the section behaves like a normal series 
tee; namely, a six terminal network. Therefore, by short- 
ing the series arm a distance d from its input terminals, 
the filter section will reject frequencies at which d is 
approximately a quarter wavelength long. By choosing 
the cutoff frequency of the series arm close to the reso- 
nant frequency of the shorted series arm, one obtains an 
attenuation curve which rises very rapidly with fre- 
quency. A typical attenuation curve for a single stage 
filter is shown in Fig. 3. 


7 This can also be done with an H plane tee, but each filter section 
is physically longer. 
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Fig. 3—Attenuation curve for single-stage E plane cutoff filter. 


At frequencies below the cutoff frequency of the series 
arm, the vswr of the filter section is practically constant 
(Fig. 4). Since the series arm is below cutoff (f/fc <1) 
in the filter’s pass band, the vswr is independent of the 
shorting distance d. This is very important from a prac- 
tical viewpoint since it allows the problem of good vswr 
in the pass band and good rejection in the stop band to 
be treated separately. That is, the filter sections may be 
spaced so as to give a good impedance match across the 
pass band. Then the shorts may be adjusted to give good 
rejection in the stop band without in any way affecting 
the match in the pass band. Since the tuning of the 
series-tee cutoff filter, unlike the quarter-wave coupled 
filter, is independent of the pass band match, the individ- 
ual stages may be stagger-tuned. Consequently a 
given rejection over a frequency band can be obtained 
with a smaller number of filter elements. 
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Fig. 4—Vswr for single-stage # plane cutoff filter. 


Three types of E plane tee cutoff filters which have 
been made for application at X band are shown in Fig. 
5. The vswr in the pass band and the attenutaion in the 
stop band for the filter shown in Fig. 5(a) is given in Fig. 
6. By spacing the first two filter sections \/4 apart, the 
reflections from the individual sections tend to cancel. 
Likewise \/4 spacing for the next two sections also 
causes the reflections to cancel. Finally by spacing the 
two pairs 3/4 apart, second order cancellation is ob- 
tained. That is, at frequencies where the mismatch of 
each pair becomes bad, the 3/4 spacing tends to cancel 


38 IRE TRANSACTIONS—MICROWAVE THEORY AND TECHNIQUES January 
49h ee ae A Sam rapa za| T= 
| Ley: A = 
r] | ] Nh } iy) bet Y 50 
eel OE A ae SS L 5 GL | | | | cone HLT) S S 
pens ; | Slee" Fe os 
— — Tae oa | 
yo So! soe 
| UJ ef ee 8 ine 
oe | 
FA 4 vo 
(a) (b) (¢) 
Fig. 5—-E plane tee cutoff filters. 
orl 60 
ae $ 
S M+ S fo 
{ 
ity Lice to 92 oY Sa Leo ra 102 104 Lee 108 110 


% 


< 


ae 


Fig. 6—Vswr and attenuation for filter shown in Fig. 5(a). 


these reflections and thereby keep the vswr of the com- 
plete filter fairly low. The filter shown in Fig. 5(b) also 
uses the matching technique described above. In this 
case the number of filter elements is doubled in order to 
obtain greater attenuation in the stop band. The vswr 
and attenuation data is given in Fig. 7. 

The matching technique used in the filter shown in 
Fig. 5(c) can be described more conveniently by the use 
of a Smith Chart. Assuming a generator of internal im- 
pedance Zy at port 1 and a matched load (Z =Z,) at port 
2, the Smith Chart analysis (Fig. 8) proceeds as follows: 

1) Starting from the matched load at port 2, the first 
series stub is encountered. Since this is a small reactive 
element, impedance is transformed from point 1 along 
a constant resistance circle to some point 2. 

2) Moving approximately \/4 toward the generator 
transforms the impedance to the point 3. Introduction 
of the next stub which has twice the reactance of the 
first stub moves the impedance along the constant resist- 
ance circle to point 2. 

3) Again moving approximately \/4 toward the gen- 
erator on a constant vswr circle moves the impedance to 
point 3. 

4) Insertion of the final stub which has a reactance 
equal to that of the first stub transforms the impedance 
to the point 1; that is, a matched condition. 

If the operating frequency is now changed, the elec- 
trical length between the stubs also is changed. To show 
that this change in electrical length does not disturb the 
matched condition to any appreciable degree, let us re- 
peat the above analysis for a decrease in the operating 
frequency. 

1) Starting at point 1, the first stub again trans- 
forms the impedance to the point 2. 


Fig. 8—Matching technique for filter shown in Fig. 5(c). 


2) Since the frequency has been decreased, the elec- 
trical length between the stubs is now less than )/4. 
Therefore, moving along the first section of line brings 
the impedance to the point 3’ instead of the point 3. 
Insertion of the larger stub now transforms the imped- 
ance to the point 2’. 

3) Since the impedance is at point 2’ instead of point. 
2, the second length of line (which is also less than \/4) 
moves the impedance to the point 3. 

4) Insertion of the final stub again transforms the 
impedance to the center of the Smith Chart. 

Hence by virtue of the matching technique used, the 
change in electrical length between the first and second 
series stubs is compensated for by the change in length 
between the second and third stubs; thereby, yielding 
a good vswr over a considerable frequency band. Fig. 9 
shows the vswr and attenuation of this filter [shown in 
Fig. 5(c) | vs frequency. 

As mentioned, individual filter elements were stagger- 
tuned in all the above filters. This enabled required at- 
tenuation to be obtained in shortest possible length. The 
three filters in Fig. 5 have been designed for X band and 
are all less than two inches in length. 


Tue Macic-TEE CuTorr FILTER 


Another method of constructing a band-rejection 
filter is to make use of the cutoff effect in the E and H 
arms of a magic tee. Fig. 10 shows a magic tee in which 
the width of the E and H arms have been reduced to the 
value “a”. At frequencies below the cutoff frequency of 
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Fig. 10—A magic-tee cutoff filter. 


the £ and H arms, the microwave energy propagates 
from port 1 to 2 with practically no loss. In other words, 
the wave propagating through the main guide will “see” 
the £ and H arms not as transmission lines but as a 
small reactive effect. The vswr due to this effect can 
be reduced by placing a small capacitive button in the 
main guide at the center of the magic tee as shown in 
Fig. 10. Since the mismatch is corrected at the source of 
the discontinuity, no long line lengths are involved and 
consequently a low vswr is maintained over a consider- 
able frequency band as shown in Fig. 11. 

Above the cutoff frequency of the # and H arms, the 
device behaves like an ordinary magic tee. Therefore 
if shorts are placed in the E and H arms equidistant 
from their input terminals, the energy entering port 1 
will split between the — and H arms and by virtue of 
the phase relations in a magic tee will all be reflected 
back to port 1. The only additional requirement on the 
distances / to the shorts is that they be long enough to 
attenuate frequencies below the cutoff frequency of 
the E and H arms before the energy reaches the shorts. 
Usually 10 db attenuation is adequate to make the shorts 
“invisible” in the pass band. The required length for 
any attenuation can be determined from (2). 

Since the operation of this filter in the stop band only 
requires that the electrical length to the shorts in the E 
and H arms be equal, good rejection should be obtained 
for all frequencies above the cutoff frequency of the E 
and H arms. That is, the magic-tee cutoff filter is basi- 
cally a low pass filter. However, in practice, this wide- 
band rejection is difficult to obtain. The reason is that 
although the electrical length from the input terminals 
to the shorts are equal, the actual length of EH and H 
plane stubs are not necessarily equal. For example, the 
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Fig. 11—Vswr for the magic-tee cutoff filter shown in Fig. 10. 
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Fig. 12—A broadband magic-tee cutoff filter. 


electrical length of the E plane stub is determined by the 
actual length of the shorted — arm plus the distance 
from the top wall of the main guide to the apparent in- 
put terminal of the series arm. This apparent input 
terminal is located approximately one-quarter of the 
guide height down from the top wall of the main guide. 
Similarly, the electrical length of the H arm is a combi- 
nation of the actual length of the shorted H arm plus 
the distance from the side wall to the apparent input 
terminal of the shunt arm. This terminal is located at 
approximately the center of the main guide. Since the 
shift in apparent input terminal is different for the 
E and H arms, different lengths of E and H plane stubs 
are required to give the same electrical length from the 
input terminals to the short circuits. Consequently, the 
frequency sensitivity of the two line lengths are different 
and adjustment of the line lengths for good rejection 
at one frequency will not necessarily yield good rejection 
at all frequencies. To compensate for this, one can add a 
section of guide of appropriate width and length behind 
either the & or H arm cutoff section which will tend to 
cancel the difference in frequency sensitivity between 
the £ and H plane stubs. This idea is similar, in princi- 
ple, to that presented by H. Sohon.® For example, Fig. 12 
shows a magic-tee cutoff filter which employs an addi- 
tional section of guide in the £ arm to reduce the differ- 
ence in frequency sensitivity between the shorted stubs. 


8 H. Sohon, “Wide band phase delay circuits,” Proc. IRE, vol. 
41, pp. 1050-1052; August, 1953. 
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Fig. 13—Attenuation of a magic-tee cutoff filter. 


The attenuation vs frequency characteristic of this filter 
is given in Fig. 13. To obtain greater rejection in the 
stop band, two or more filters can be cascaded. Another 
method is to employ a double magic tee; 7.e., one with 
two E arms and two // arms. 
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CONCLUSIONS 


Two band-rejection filters employing the waveguide 
cutoff effect have been discussed. They are the / plane 
tee cutoff filter and the magic-tee cutoff filter. By ap- 
propriate matching techniques, £ plane tee cutoff filters 
have been designed with a vswr of less than 1.5 over 8, 
10, and 16 per cent pass bands while maintaining greater 
than 25 db rejection over 8, 10, and 6 per cent bands, 
respectively. A magic-tee cutoff filter has also been con- 
structed which has a vswr of less than 1.7 over a 20 per 
cent frequency band. By proper design of the shorted 
E and H arms, greater than 10 db rejection has been ob- 
tained over a 12 per cent band. 
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Technique of Pulsing Low Power Reflex Klystrons 
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Summary—Very little published information is available on puls- 
ing low power reflex klystrons. Since low power reflex klystrons have 
been generally designed for cw operation as local oscillators, a mini- 
mum of effort has been directed toward the development of specific 
low power pulse reflex klystrons. 

This paper summarizes an effort that has been directed toward 
pulsing typical low power reflex klystron with a description of the 
techniques evolved and a summary of the limitations and merits of 
each technique. Included also is a description of a pulse klystron 
“priming” technique that minimizes the effects of pulse shortening 
and leading edge jitter associated with typical pulse operation. 


INTRODUCTION 


T HAS BEEN apparent for some time to designers 
| of microwave equipment that there has been little 

or no attempt by the klystron tube manufacturers 
to design low power klystrons for pulse application. In 
general, the low power klystrons have been designed for 
local oscillator use in radar and beacon receivers, and 
in equipment such as spectrum analyzers. A great deal 
of effort of late has been devoted toward pulsing high 
power klystrons for use in generating high speed parti- 
cles and for use in large anti-jamming radar systems. 
This has forced the designers of low power beacons and 
rf signal generators to rely almost wholly on their wit 
and ingenuity to find suitable techniques for pulsing low 
power klystrons for optimum pulse fidelity and mini- 
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mum pulse jitter. In addition to the lack of informa- 
tion from manufacturers on pulsing klystrons there 
has been very little written in the literature on suitable 
techniques for pulsing klystrons to yield minimum lead- 
ing edge jitter and pulse shortening. 

Because many of the new guided missile systems have 
stringent requirements for rf pulsed coded modulation 
to meet their tactical requirements, a great deal of 
effort has been expended in advancing the state of the 
art of pulse circuit design. The circuitry itself has 
preceded the pulsed rf techniques primarily because of 
the availability of new components to the circuit de- 
signer. These components consist essentially of im- 
proved pulse transformers, more reliable thyratrons, 
and improved hard tube modulator tubes. The basic 
difficulty of reliable pulsed rf systems has been associ- 
ated primarily with the pulsing of the klystron itself. 


STARTING OF PULSE REFLEX KLYSTRON 


It is well known that all electronic oscillators are 
started by noise or circuit transients associated with the 
oscillator. This concept applies equally well to the 
starting of reflex klystron oscillators. However, when 
one is concerned with pulse operation of reflex klystrons 
there exists the distinct possibility that the oscillation 
could have been started by shock excitation of the reso- 
nant cavity by the pulsed beam current. 
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It will be shown that the initial excitation produced 
by shot noise in the beam exceeds that induced by the 
current transient by a very large factor. Had it been 
found that the microwave voltage produced by the high- 
frequency components of the pulse was larger than the 
voltage produced by shot noise, the voltage produced 
by the pulse would always have been the same and 
there would have been no evidence of leading edge 
jitter associated with the rf pulse. This, of course, is 
not the case and accounts for typical rf pulse leading 
edge jitter. 

The relative effects of Johnson noise and shot noise 
in building up oscillation can be expressed by the fol- 
lowing ratio:! 


ise el, 11,600Z 
Tt? kTG TG 


where 


I, =shot noise current, 

I, =Johnson noise current, 

Io =gap current, 

k =Boltzmann’s constant 
1.374 X 10-23 Joule per °K, 

e =charge of an electron 
1.59 x 10-19 coulombs, 

G =conductance defined as M/Q, 

M =admittance of mode, 

Q =loaded Q of klystron cavity. 


For a typical klystron such as a V-153 operating at 
9,500 mc with a beam voltage of 300 volts, and operat- 
ing in the 4? mode the following values can be approxi- 
mated :? 


T = 293°K (20°C) 
Io = 8.8 X 107? amperes 
M = 2.22 X 10-4 mhos 


QO = 150 
then 
Ti 
=—— 1.5/ < 102 
Le 


From this ratio it becomes evident that the shot noise 
is of greater magnitude and importance than Johnson 
noise in the tube. 

To proceed further, it is now desirable to compute 
the relative effects of shot noise compared with high- 
frequency transients induced by the applied video pulse, 
in starting klystron oscillations. This can be expressed 
by the following ratio: 


Vs? eOAP wo? 
v? DT 


1 Bell Tel. Labs. Staff, “Radar Systems and Components,” 
D. Van Nostrand Co., Inc., New York, N. Y., pp. 702-705; 1949. 

2 Approximate values as furnished by Mr. Arnold Acker of Varian 
Associates. 
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where 


V,=shot noise voltage, 

/ =transient voltage, 

wy = 27 X (klystron frequency), 
A,=rf pulse build-up time. 


Assuming the following approximate values for the 
V-153 Klystron: 

Io = 8.8: 10-* amperes; 

Q = 150, 

(Nia Omerseconace 

wo = 5.96 X 10!9 radians per second, 
then 

Vi? 

V2 


= 115. 


This ratio points out clearly that the oscillations are 
built up from shot noise rather than from high-fre- 
quency transients induced by the pulse. 


PRACTICAL APPLICATIONS AND CONSIDERATIONS 


Experience has indicated that the application of a 
video modulation pulse to one klystron will not, of 
necessity, yield the same detected rf video pulse when 
applied to another type of klystron. As an example, the 
V-260 and V-280 klystrons were pulsed with the same 
circuit techniques. The detected video pulses were sig- 
nificantly different, the leading edge jitter also differed, 
and the spectrums as noted on a spectrum analyzer 
were noticeably different. In discussion of this problem 
with the klystron manufacturer it was indicated that 
both klystrons operated satisfactorily as local oscilla- 
tors, the function for which they were designed and 
tested, and that the results of pulsing these klystrons 
would be of great interest to them. They suggested that 
further laboratory tests would probably yield optimum 
repeller modes for best pulse operation of each klystron. 
It was also pointed out that there may exist an optimum 
direction for pulsing into a klystron mode; that is to 
say, the pulse spectrum may be noticeably different 
when the klystron is pulsed from a high static repeller 
voltage into a particular mode rather than from lower 
static repeller voltage into the same mode. Tests indi- 
cated in this regard that there was no noticeable dif- 
ference when this was tried on the 42 and 5? modes of 
the klystron under test. 

It might be pointed out that: 

1) That a klystron would have the best starting time 
characteristics if it were operated in a mode associ- 
ated with the longest drift time in the drift space; 

2) That the operating characteristics would be a func- 
tion of external circuit loading; 

3) That the rise time of the applied pulse and klystron 
Q were important considerations; 


3 Bell Labs. Staff, op. cit., p. 498. 
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Fig. 1—Klystron beam and repeller pulsing. 


4) The general klystron operation is a direct function of 
the basic electron optics design. 

With the above considerations noted, concerted 
effort was directed towards determining the best tech- 
nique for pulsing klystrons so as to yield best pulse 
modulation operation. Basically, three pulse techniques 
were explored: 

1) Pulsing the the beam voltage only. 
2) Pulsing the repeller voltage only. 
3) Pulsing repeller and beam voltage simultaneously. 

The results follow. 


SIMULTANEOUS BEAM AND REPELLER PULSING 


Pulsing both elements simultaneously appeared to 
give the poorest results. The results were interpreted by 
observing the detected rf video rectangular pulse as 
well as comparing the observed spectrum on a spectrum 
analyzer for theoretical (sin X/X)? distribution of 
energy. It was interesting to note that the detected 
video pulse was quite misleading, for it looked to the 
uncritical eye very much like the applied video pulse. 
Closer observation, however, indicated pulse shorten- 
ing, leading edge jitter, and poor rise time. 

The spectrum consisted essentially of almost random 
spectrum lines with no definite nulls, symmetry or 
pattern. It is quite possible that the circuitry employed 
(Fig. 1) to pulse simultaneously both the repeller and 
beam elements of the klystron, in this case the V-280, 
could have been optimized and perhaps yielded better 
results. It was taken as a good engineering guess, how- 
ever, that since the same circuitry was used in pulsing 
elements of the klystron with better results, improving 
the basic pulse circuitry would not, in itself, signifi- 
cantly improve the spectrum. 

It was concluded from empirical observations with 
consideration of the electrical characteristics of klys- 
trons, that it would be most difficult to pulse simul- 
taneously the repeller element, which is a high imped- 
ance element, and the beam element (or cathode), 


which is a relatively low impedance element, and expect 
both elements to have the same volts per unit time, 
change in potential with identically applied pulses. 
To enlarge upon this point, we might add that it would 
be a coincidence, indeed, if the rise time of the beam 
voltage and the repeller voltage were identical even if 
the pulse modulating circuitry were matched to the 
pulsing elements of the klystron. This is primarily due 
to the fact that the high impedance of the repeller 
would remain constant during pulse modulation, while 
the beam element impedance would vary with time 
and therefore yield a complex impedance match even 
for an optimum designed pulse modulating circuit. 
It becomes clear that the rise time of the beam element 
of the klystron would be different from the rise time 
of the repeller element to the applied modulating pulse. 
The great amount of detectable frequency modulation 
as noted by spectrum analysis is therefore understand- 
able, because of the changing voltage ratio of the beam 
element to the repeller element of the klystron. 

It might be interesting to note at this point that 
pulsing both the repeller and beam elements of the 
2K25 klystron has resulted in a relatively good spec- 
trum. With this klystron, however, the rise time of the 
pulse applied to the repeller and to the beam elements 
was made adjustable to give an optimum spectrum. 
This adjustment had to be varied to suit the particular 
tube being pulsed and was called a “spectrum control” 
adjustment. This type of solution, though practical, is 
not desirable in military equipment where tube re- 
placement is preferred without the necessity of adjust- 
ing circuitry. 

In continuing the investigation of pulsing reflex 
klystrons, both the repeller and beam elements of the 
klystron were pulsed individually, keeping all other 
circuit parameters constant. That is to say, only the 
repeller was pulsed and the beam voltage was held 
constant. No effort was made to pulse tubes with con- 
trol grids although, in that case, the control grid would 
also have been held as a constant in the test procedure. 
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Fig. 2—Klystron beam pulsing. 


BEAM VOLTAGE PULSING 


In pulsing the beam (or cathode) one has to design 
suitable matching circuitry to match the pulse circuitry 
to the characteristics of the tube being pulsed. There 
are, for example, a number of klystrons that operate 
with 300 volts beam voltage as recommended by the 
manufacturer, and often have the same operating re- 
peller voltages; however, the amount of beam current 
drawn by the tubes could be significantly different. One 
can deduce, therefore, that even though several klys- 
trons may have the same static operating voltages, the 
pulse impedance of the cathode or beam element of the 
klystrons may vary widely. The design of the pulse 
circuitry (Fig. 2) for optimum pulsing of the beam ele- 
ment of the klystron would be very similar to that of a 
magnetron pulser because of the requirement of oper- 
ating into a circuit with a complex impedance. This 
has led to a compromise in impedance matching of the 
output pulse circuit driving the klystron beam element. 

Another element of concern in pulsing the beam ele- 
ment of a klystron is the need for a low capacity fila- 
ment transformer associated with the klystron since, 
in most cases, the filament is tied to the cathode of the 
klystron and would bypass to ground any video pulse 
applied to the cathode filament circuit. In general, the 
following conclusions were reached in pulsing the beam 
element of a klystron. 

The detected rf video pulse seemed to have good 
fidelity as compared with the applied modulating video 
pulse, but the spectrum had no noticeable nulls gen- 
erally associated with the spectrum analysis of a theo- 
retical rectangular video pulse. It seemed to have the 
same kind of spectrum as associated with a theoretical 
applied Gaussian video pulse. This is undoubtedly due 
to an apparent time constant phenomenon of the beam 
circuit wherein the cathode circuit could not follow the 
rise time associated with the applied video pulse. It 
can be surmised that the cathode emission character- 
istics, electronic optics geometry, and klystron mode 


operation would influence this pulse characteristic of 
the beam element of the klystron. Some of the advan- 
tages of pulsing the beam of the klystron are: 1) The elim- 
ination of a typical high current beam power supply 
since the average power under pulse condition would 
be low; 2) The cooling blower needed with most klys- 
trons is unnecessary because of the low average applied 
power. 

It was also observed that as a result of the tube run- 
ning relatively cool, changes of frequency due to ambi- 
ent temperature variations were negligible as compared 
with its normally higher temperature operation during 
cw oscillation. 

Of particular importance in beam voltage pulsing of 
the reflex klystrons is the fact that this technique lends 
itself to a very high rf peak power generation. Since the 
average power generated by a klystron under normal 
pulse operation is low, the operation of the pulse klys- 
tron at higher than rated voltages and currents is pos- 
sible without exceeding the average power requirements 
of the tube. 

The limits of the applied pulse voltage are primarily 
determined by the value at which voltage arc-over 
occurs and the point at which the maximum peak cath- 
ode current has been reached. Normally, the arc-over 
limit occurs first, but it is possible to provide high volt- 
age insulation by immersing the klystron in an oil bath. 
This facilitates the application of higher pulse voltage 
necessary for peak cathode current operation. The 
maximum duty cycle is generally determined from the 
value of the maximum allowable average dc power 
input called out by the klystron operating characteris- 


tics. The average dc power input can be expressed by 


the following formula: 
Average dc power input = (4) (Jz) (Duty Cycle) 


It is noted that the higher the desired value of peak 
power required, the lower is the duty cycle and con- 
versely, the lower the desired peak power, the higher is 
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Fig. 3—2K39 pulsed power output: Curve 1—Frequency vs peak 
power output for various values of beam voltage. (Best mode used 
at each frequency. Results of three tubes averaged.) 


the duty cycle. During high power pulse operation, no 
need for additional cooling other than that called for 
by cw operation is required, as long as the average input 
power remains the same as that recommended for cw 
operation. Under these operating conditions, it is felt 
that pulse operation will not appreciably affect the life 
of the klystron. 

Data has been taken on the 2K39 and 2K43 reflex 
klystron in pulse operation,t and a summary of test 
results, will be shown graphically. In general, the pulse 
operation of the 2K39 reflex klystron indicated that 
peak power in the order of 50 to 100 watts can be 
achieved in the frequency range of 9 to 11 ke with 
applied beam voltage between 5 and 6 kilovolts. The 
klystron testing was carried out using a pulse repe- 
tition rate of 500 cycles per second. The rise time of the 
rf pulse enevelope was 0.3 microseconds and the beam 
voltage was about 5,000 volts. It was found that the 
pulse rise time did not appear to vary appreciably with 
load, mode, or frequency as long as the klystron was 
not coupled too tightly to the load. The attached curves 
(Figs. 3, 4, and 5) show in detail the data that was col- 
lected on 2K39 reflex klystron in pulse operation. The 
other klystron testing for pulse operation was the 2K43 
klystron. The 2K43 Klystron is a “C” Band klystron 
having a minimum tuning range of 4,200 to 5,700 mc, 
and the typical cw operating characteristics are de- 
scribed as follows: Beam voltage 1,000 volts, Beam cur- 
rent 45 milliamperes, Power output 0.25 watts over the 
tuning range. The particular klystron selected for pulse 
operation was first tested in normal cw operation at 
5,070 me with 1,000 volts on the beam and 1,350 volts 


* Notes on “Pulse Operation of 2K Series Klystrons,” Sperry 
Gyroscope Corp., January 8, 1951. 
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Fig. 4—2K39 klystron, frequency 9,600 mc: Curve 2—Beam voltage 
vs peak power output for various modes of operation. 


on the repeller. The average power output under these 
conditions was 0.50 watt. When the beam and repeller 
elements were pulsed to the same cw operating voltages 
a peak power of 0.50 watt was measured. A PRR of 500 
cps and pulse length of 2 microseconds was used for the 
pulse operation. By increasing the peak beam voltage, 
to 4,000 volts and remaining in the same repeller mode 
with a repeller voltage of 4,380 volts, the peak power 
output was increased to 18 watts. This follows closely 
the equation Po= KE‘? which governs the increase of 
power with beam voltage. 

With the same applied beam voltage, the frequency 
was changed to 5,380, 5,600, and 6,000 mc. Under these 
conditions the power output was the same or greater. 
At 5,380 mc, a peak power output of 38 watts was ob- 
tained with a repeller voltage of 4,800 volts. It was 
noted that higher voltage repeller modes were more 
sensitive to external circuit loading and a variable sus- 
ceptance tuner was used to optimize the load. Fig. 6 
(Curve 4) shows a plot of beam voltage versus repeller 
voltage for four repeller modes. 

Further testing at a PRR of 1, 2, and 4 ke did not re- 
sult in any change in peak power output. At 4,000 volt 
beam operation the cathode current density was cal- 
culated to be 0.91 amps/cm-2 and the area of the cath- 
ode determined to be approximately 0.4 square centi- 
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Fig. 5—2K39 klystron, pulsed frequency 9,600 mc: Curve 3—Repeller voltage vs beam voltage for various modes of oscillation. 


Fig. 6—2K43 klystron repeller modes, frequency 6,000 mc: Curve 4— 
Beam voltage vs repeller voltage for four repeller modes. 


meters. To limit the repeller current to a safe operating 
value a parallel RC network was placed in the repeller 
circuit. The time constant of the RC circuit was chosen 
so that it was large compared to the maximum applied 
pulse width. 
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It was interesting to note that at these voltages the 
klystron showed no evidence of arc-over. It was also 
noted that as the beam voltage was increased to 5,000 
volts the power output was not appreciably greater 
than that for 4,000 volt operation. It is suspected that 
klystron efficiency was dropping off at a higher beam 
voltage due to cathode emission limitations. Some of 
the disadvantages of pulsing the beam are listed below: 


1) Most production klystrons currently being manu- 
factured appear to have slightly different mode 
characteristics, average current characteristics, and 
rf matching characteristics. When optimizing the 
pulse circuitry for a particular klystron, there can be 
no assurance that any two klystrons of the same 
stock number will behave similarly in the same 
pulse circuit. This is true because the beam currents, 
and therefore the beam impedances, in general dif- 
fer. This presents a handicap to the circuit designer 
who endeavors to design equipment needing a mini- 
mum of adjustments during maintenance and re- 
placements of faulty components. 


2) When pulsing beam element of a klystron, a special 
low capacity filament transformer is required. 

3) The rf pulse is noticeably shorter than the applied 
video modulating pulse. 

4) Modulation sensitivity of beam element is generally 
one-fifth that of klystron repeller modulation. 
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REPELLER VOLTAGE PULSING 


Pulsing the repeller of a klystron has presented the 
best results to pulse modulation operation. The repeller, 
being a high impedance circuit, does not require the 
special adjustment of the associated modulating pulse 
circuitry (Fig. 7) as for pulsing the beam element of a 
klystron. For this reason, interchangeability of klys- 
trons in modulating circuitry could be rapidly accom- 
plished without the requirements for circuit readjust- 
ment. Some of the advantages of pulsing the repeller 
element of the klystron are listed below: 

1) It gives the best spectrum with the least amount of 
pulse shortening to the applied video modulating 
pulse. 

2) It has the highest modulation sensitivity. This is 
particularly important when the tube is used in afc 
circuitry where the frequency of the klystron is con- 
trolled by changes in modulation voltage to the re- 
peller. 

3) Pulsing the repeller element does not require any 
special filament transformer. 

Some of the disadvantages of pulsing the repeller are: 
1) It requires a high current beam voltage supply. 

2) High peak powers equivalent to beam pulsing cannot 
be realized. 

3) A cooling blower is generally required. 


RF PRIMING TECHNIQUE 


As a result of this background, attempts were made 
in the laboratory to determine optimum pulse tech- 
niques to yield minimum pulse shortening and leading 
edge jitter as evidenced by monitoring the detected 
video pulse, and qualitatively by noting the observed 
spectrum. Several approaches to this problem were tried, 


WITH PRIMING 


NO PRIMING _ 


Fig. 8—Effects of priming on rf leading edge jitter. 


with one yielding the best results. The technique of sup- 
plying a small amount of rf power into the cavity of the 
klystron to be pulsed appeared to clear up all discern- 
ible pulse jitter and pulse shortening as evidenced by 
observation of the detected video pulse as shown by 
Fig. 8. The amount of energy required to prime the 
pulse klystron was surprisingly small. Table I shows 


TABLE T 


PRIMING FREQUENCY VS PRIMING LEVEL BELOW 
PEAK PULSE POWER 


Frequency (mc) Primary level 


9100 —10 db 
9200 —25 db 
9300 —34 db 
9340 —40 db 
9400 Jitter did not clear up 
9500 Jitter did not clear up 
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Fig. 9—Klystron priming circuit. 


relative power and frequency required to prime pulse 
klystron. Pulsed klystron was operated at 9,360 mc and 
generated about +20 dbm of peak pulse power. 

In general, it was observed that the frequency of the 
priming cw energy should be lower than the frequency 
of the pulse klystron and that it need be only of a very 
low power level. Applying priming rf above the operat- 
ing frequency did not seem to clear up pulse jitter and 
pulse shortening. The cw priming signal was injected 
into the pulse klystron by means of a directional cou- 
pler (as shown in Fig. 9) but could have been injected 
just as well by applying some rf energy to the repeller 
lead of the klystron. 

Fig. 8 shows the effects of cw priming of the pulse 
klystron. With priming there seems to be no evidence 
of rf leading edge jitter. Without priming the statistical 

leading edge jitter can be easily discerned. The synchro- 
scope sensitivity was calibrated to be 25 millimicro- 
‘seconds per centimeter and the pulse rise time was 
measured to be about .020 microsecond. 
One other method of priming the klystron was tried, 
but was only a laboratory interest. In general, the tech- 
nique of pulsing the repeller is accomplished by setting 
the static repeller voltage between operating modes of 
the klystron and applying a pulse to the repeller ele- 
‘ment, thus gating the tube into operation. By setting 
‘the static repeller voltage just at the edge of the lower 
‘mode of oscillation so that a very minute amount of 
‘energy was generated, and then pulsing into the middle 
of the next higher order mode, the jitter and pulse 
shortening problem was cleared up. This technique 
‘makes full use of rf energy from the lower klystron 
‘mode to prime the klystron for a higher order mode 
‘pulse operation. This technique is not recommended for 
equipment use because of the stringent requirements 
for stabilized voltages and possible spurious oscillations 
of the klystron operating in this marginal manner. 

In one case where a 0.25-microsecond pulse was ap- 
plied to the repeller of an X-26E klystron, the detected 
rf video pulse was only 0.12 microsecond long as shown 
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Fig. 10—X-26E klystron pulse shortening. 


in Fig. 10 with about 0.10 microsecond leading edge 
jitter. By the injection of a small amount of rf energy 
through a directional coupler into the cavity of the 
pulse klystron, the detected rf pulse assumed the 0.25- 
microsecond video pulse width applied to the klystron 
with no noticeable leading edge jitter. The minimum 
discernible leading edge jitter that could be accurately 
measured with the techniques used in this experiment 
was in the order of 5 millimicroseconds. 


CONCLUSIONS 


Rf circuit designer in selecting klystrons for pulse op- 
eration should thoroughly investigate pulse characteris- 
tics of several klystrons before making a firm choice. 

External circuitry influencing the rf loading of the 
klystron, quality of the applied video modulating pulse, 
and the proper selection of klystron mode of operation 
are of prime importance in pulsing low power klystrons. 

For generating high rf peak pulse power, beam ele- 
ment pulsing is recommended. Where rf pulse fidelity 
is required, repeller pulsing is recommended. Only in 
special cases where klystron tuning is accomplished 
during high pulse power operation, is simultaneous re- 
peller and beam element pulsing recommended. 
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Some Properties of Image Circles 
ab de. MATHISt 


Summary—Some properties of image circles for four-terminal 
networks are discussed. A procedure for correcting an image circle, 
obtained with a lossy short, is presented. Indirect methods for de- 
termining the open and short circuit impedances of a symmetrical 
four-terminal network are discussed. 


THE IMAGE CIRCLE 
alt HE IMAGE circle for a linear and bilateral four- 


terminal network, or two-port waveguide struc- 
ture, is obtained in the following manner: 

a) A variable reactance, or a movable short, is con- 
nected to the output terminals, or port. It is assumed 
that the reactance, or short, is lossless. 

b) The input impedances, or voltage reflection coeffi- 
cients, for several values of reactance, or positions of 
the short, are measured. 

c) The input impedances, or reflection coefficients, 
are plotted on a circular transmission line chart; 2.e., 
Smith (R—X) or Carter (Z—6' chart, or polar graph 
paper.’ Any convenient normalizing impedance can be 
used with the transmission line chart. 

d) The image circle is drawn through these points. 
If all of the points do not lie on a circle, this is due to 
experimental errors. Hereafter, it is assumed that the 
image circle is drawn on a Smith chart. 

The image circle has several interesting properties 
which were discussed in many papers and research re- 
ports. Here two experimental procedures are presented 
making use of the image circle. Theoretical basis for 
these is discussed in Appendix. Before presenting these 
procedures, it is desirable to consider the input imped- 
ance when network is terminated in a resistance. 


InpuT IMPEDANCE FOR RESISTIVE LOAD 


The input impedance Z4, when the network is termi- 
nated in a resistance lt,, can often be determined by 
direct measurement. If R, is the characteristic imped- 
ance of the transmission line or waveguide containing 
the movable short, the input impedance can be de- 
termined by indirect methods which make use of the 
image circle.2~> These methods do not require that the 


} Aerophysics Dept., Goodyear Aircraft Corp., Akron, Ohio. 

1 The reader should recall that plotting impedances on a circular 
transmission line chart is equivalent to plotting voltage reflection 
coefficients. 

2 G. A. Deschamps, “A new chart for the solution of transmission 
line and polarization problems,” TRANs. IRE, vol. MTT-1, pp. 5-13; 
March, 1953; also, Electrical Communications, vol. 30, pp. 247-54; 
September, 1953. 

3G. A. Deschamps, “Determination of reflection coefficients and 
insertion loss of a waveguide junction,” Jour. Appl. Phys., vol. 24, 
pp. 1046-50; August, 1953; also, Electrical Communications, vol. 31, 
pp. 57-62; March, 1954. 

4G. A. Deschamps, “A Hyperbolic Protractor for Microwave Im- 
pedance Measurements and Other Purposes,” Federal Telecommuni- 
cation Laboratories, Nutley, N. J.; 1953. 

6 J. E. Storer, L. S. Sheingolb, and S. Stein, “A simple graphical 
analysis of a two-port waveguide junction,” Proc. IRE, vol. 41, pp. 
1004-13; August, 1953. 


image circle be obtained with a lossless short. 

These indirect methods pair points on the image circle 
corresponding to positions of the movable short which 
are separated by one-quarter wavelength. The cross- 
over point, which is used later, is defined as the intersec- 
tion of the straight lines connecting these pairs of 
points. If the network is terminated in a variable react- 
ance, these indirect methods can be used if the points 
on the image circle corresponding to the reactances X 
and — R,?/X are paired. 


A PROCEDURE FOR CORRECTING AN IMAGE CIRCLE 
OBTAINED WITH A Lossy SHORT 


The magnitude I’ of the voltage reflection coefficient 
of the short is determined. The points for the image 
circle are plotted. The center Zs; of the image circle is 
located and the image circle is drawn, as shown in Fig. 1. 
The value of the input impedance Z, for KR, equal to the 
characteristic impedance of the line containing the 
movable short is determined and plotted. 


UNCORRECTED 
IMAGE CIRCLE 


CORRECTED 
IMAGE CIRCLE 


Fig. 1—A circular impedance diagram that illustrates the procedure 
for correcting an image circle. 


The radius k of the image circle and the distance s 
between the points Z4 and Zg are measured. The value 
of 


(1 — I?) ks 
Pert aes 
is calculated. The center Ze of the corrected image circle 
is located on the straight line through Zs and Zz, as 
shown in Fig. 1. The point Zz always lies between Z4 
and Ze. The radius 7 of the corrected image circle is 
given by 
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Finally, the corrected image circle is drawn using the 
center Zc and‘the radius 7. 


INDIRECT PROCEDURES FOR DETERMINING Zs, AND 
Zoc OF A SYMMETRICAL FOUR-TERMINAL NETWORK 


For some convenient value of R:, the value of Z, is 
determined. The points for the image circle and the 
point Z, are plotted, using R, as the normalizing imped- 
ance. The center Ze of the image circle is located and the 
image circle is drawn, as shown in Fig. 2. 


CIRCLE 


pzat B-2y+ 180° 
vy =|80°+a+8 +28 
o=a+B-y +8-180° 


Z:-j 


Fig. 2—A circular impedance diagram that illustrates the graphical 
procedure for determining Z.- and Zee. 


Straight lines are drawn through the points Z4 and 


| the points Zc, Z=0, 1, and «. The angles a, 8, y, and 6 


are measured. Lines are drawn through the points Ze 
which makes the angles 


[PSAs an wile ane est (3) 


and 
y=a+t Bt 26 + 180° (4) 


with the X =0 line. The intersections of these lines with 
the image circle are Z,, and Z,., respectively. 

If the crossover point is known, the line through this 
point which makes the angle 


¢=a+B—y+6 — 180° (5) 


with the X =0 line intersects the image circle at Z,. and 
Z.-. When the crossover point is above the X =0 line, 
the point Z,, is nearer the X =0 line if 0<a<180° and 
Z.. is nearer if 180° <a <360°. When the crossover point 
is below the X=0 line, Z,. is nearer the X =0 line if 
o<o<180° and Z,,. is nearer if 180°<o0<360°. If 
0=0, Z,, is left of Z,.; and if «=180°, Z,, is right of Zoe. 

The triangles whose vertices are Z=0, Z.., 1/Zsc, and 
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Z=0, Z4, 1/Za4 should be similar. These triangles can 
be drawn and used to check the results. 

The values of Z,- and Z,,. can also be determined from 
the values of Z, and Ze by using 


— (Zs + Za)Zo — ZsZa(t + Zo) 
Zs, — ZsZc 


(6) 


sc 


and 


Zs — ZsZo 


a — 
ia Za — 2a eo 


(7) 
where Za is the conjugate of Zs. Let K4, Ka, and Ke 
denote the voltage reflection coefficients corresponding 
to Za, Za, and Zo, respectively. Eqs. (6) and (7) are 
equivalent to 


KastpKe— Ket Kokko 2) 


Lee See = i (8) 
1 <6 ial 2S Wien gl bho #38 55) 0G: 

‘hes Ka —~ Ka —(1— KsK)Ke sede 
Ky + Ka — Ko + KiKa(Ko — 2) 

mes Ki Ke + KiKu(Ko + 1) : #0) 

Ky + KK, 
and 

Ky, — Ke + KuKa(Ke — 1) 

Ky. = — : (11) 


Ks — KiK, 


The writer has found that the graphical procedure 
which was described first gives the most accurate results 
of any of the procedures presented in this paper for 
determining Zc and Zoe. 


APPENDIX 
General Theory 


According to well-known circuit theory, the input 
impedance Z, and the load impedance Z, of a linear 
and bilateral four-terminal network are related by 

AZ,+ B 


Fog toes 12 
"t(CZEeD (2) 


Let K, denote the voltage reflection coefficient at the 
input terminals relative to the resistance R;; 7.e. 
Z,— R 


= SSS 13 
VA oe se 


Ky 


and let Ky denote the voltage reflection coefficient at 
the output terminals relative to the resistance R); 7.e. 


DZ — Rs 
bh lect eremee ae (14) 
Z.+ Ry 
Eqs. (12)—(14) can be combined to obtain 
ak, +b 
Reeders cme a (15) 
cK, + d 


Eqs. (12) and (15) are called bilinear transformations. 
Bilinear transformations map circles into circles. 
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Iq. (15) can be written 
acK»K, — bd (cK, + d)(ad — be)K: 
ccK,K,— dd = (cK, + d)(ccK»K» — dd) 


1= » (16) 
where the bars above the symbols denote conjugates. 
If Ky lies on a circle whose center is at the origin and 
whose radius is I’, it follows from (16) that K, lies on a 
circle whose center Kz and radius k& are given by 


acl? — bd 17) 
a ae /) 
# ccolt.— dd 
and 
ad — bc 
= | = (18) 
ccl? — dd 


If Z,=7X, where X is a variable reactance; K2 lies on 
the circle defined by [!=1 and K; lies on the circle which 
is called the image circle. The center and radius of the 
image circle are denoted by Ke and 7, respectively. 


When Z,= R2, K2=0, and (15) reduces to 
Ki; = b/d, (19) 


If the image circle is obtained with a lossy short, 
I <1. In this case, (17)-(19) can be solved for ac, bd, 
cc, and dd to obtain 


= A[ RK, =. (k? a s*)Kp| 


ac ) (20) 
Tk(k? — s?) 
2 PNRIO EG 
oC Gee (21) 
k? yn § s 
os As? 
cc = —————_ (22) 
Tk(k? — s?) 
and 
= ATR 
dd = (23) 
k2 — 52 
where 
|A| = | ad — dc| (24) 
and 
s = |K,—Kz|. (25) 
The center of the corrected image circle is given by 
ac — bd 
Ko = =——s = Kz + (0/s)(Kp — Ka), (26) 
ccr— dd 
where ? is given by (1). The radius 7 is given by 
A k? — s?)TR 
— — = ee ) . (2") 
cc — dd! Pease 


Thus (1) and (2) can be used to correct an image circle 
which was obtained with a lossy short. 

In the following discussion, it is assumed that the 
four-terminal network is symmetrical. Now, A= D and 
b=-—c. The center Ke of the image is given by 
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ab + bd 


Ke=> ~ = 
bb — dd 


(27) 
Eqs. (19) and (27) can be solved for a/d to obtain 


a OE, (1 - K,K)Ke 


—=- (28) 
d Ka 
If Z.=0, Ke= —1 and (15) can be written 
a b 
K, ‘ (29) 
sc b 
ees | 
d 


If the values of a/d and b/d given by (28) and (19) 
are substituted in (29), the result is (10). When Z,.= 0, 
K,=1 and (15) can be written 


a sl b 
Ke Z ¢ (30) 
oc 5 ' 


If the values of a/d and b/d given by (28) and (19) are 
substituted in (30), the result is (11). Eqs. (6)—(9) can 
be obtained from (10) and (11). 

It follows from (10) and (11) that 


(Ka — Kc)(1 + Ka) 


Kie— Be = = ) (31) 
: K,(1 + Ka) 
K, — Ko)\1 — K 
Ke Serene Lh, (32) 
Ka(1 — Ka) 
and 
Ky — Ko)(1 — Kak, 
ee ee ee — (33) 
Kah 4 Ba) A sea) 
The angles of the vectors in (31)—(33) must satisfy 
Z (Kee — Ke) = Z(Ka — Kc) + ZK, — 22(1+ Ka), (34) 
LiKe, = Ke) = 1807 + ZK I 2K 
—22Z(1— Kz), (35) 
and 
Z (Kee — Koc) = Z(Ka — Kc) + ZKa — Z(1 + Ka) 
—Z(1 — K,). (36) 
Eqs. (34)—(36) are equivalent to (3)—(5). 
It follows from (10) and (11) that 
1+ K.. 1+ K 
-——. (37) 


jiekage ati: 


This equation requires that the triangles (—1, Ko, 
—K,,.) and (—1, Ka, — Ka) be similar. This is equiva- 
lent to requiring that the triangles whose vertices are 
Z=0, 2m. 1/ Ze and: Z=0> Za Zee ersinilawe 
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Determination of the Parameters of Cavities 
Terminating Transmission Lines 
RecA; LEBOWITZt 


INTRODUCTION 


AST methods available for measuring parameters 
Pai cavities terminating transmission lines are often 
considered too involved for production line test- 
ing.!}* One common method requires many individual 
standing wave ratio measurements at frequencies 
slightly lower and higher than the resonant frequency of 
the cavity. These measurements take not only an ex- 
cessive length of time but also require an accurately 
controlled variable frequency oscillator for precision 
measurements. A second method in which an oscillo- 
graphic display of reflected power is used, while much 
faster, requires more complicated equipment and calls 
for use of unconventional measurement procedures. 
The method presented herein was devised to meet 
time and accuracy requirements on the production line. 
Its speedy results can be obtained from equipment and 
calculations with which production line personnel are 
familiar. Use is made of the same common sweep fre- 
quency method utilized in testing transmission and ab- 
sorption cavities. This paper presents a derivation of 
the theory of the method, a description of the apparatus 
used, and a comparison of the results obtained with this 
and the point by point method. 


0 
P) 
Qa 


Fig. 1—Simplified equivalent circuit of cavity. 


THEORY 
Cavity Coupling Factor 


An equivalent circuit of a cavity that terminates a 
radio frequency transmission line of characteristic im- 
pedance Zp is illustrated in Fig. 1. Here, it is assumed 
that there is no line loss, no resistive loss in the coupling 
mechanism between the cavity and the line, and that the 
generator is matched to the line. The points labeled X 
and Y are considered to be the points on the transmission 


+ Microwave Product Engrg., Polytechnic Res. and Dev. Co., 
Inc., Brooklyn 1, N. Y. 

1C, G. Montgomery, “Technique of Microwave Measurements,” 
McGraw-Hill Book Co., Inc., New York, N. Y., pp. 334-336; 1947. 

2, D. Reed, “A sweep frequency method of Q measurement for 
single-ended resonators,” Proc. NEC, vol. 7, pp. 162-172; 1951. 


line at which the cavity presents the impedance Z. The 
impedance looking into the cavity is 


N?2 
Re (1) 


a yj 
ea, eee 
Re le wl 


where 


R,= equivalent cavity shunt resistance 
L=equivalent cavity shunt inductance 
C=equivalent cavity shunt capacitance 

N=equivalent transformation between line and 
cavity. 


Fig. 2—Equivalent impedance of cavity at resonance at point on line 
one-quarter wavelength from cavity. 


At resonance, we=1/wL and Z=R,N?. If the voltage 
across the line is measured at a point on the line an odd 
multiple of one-quarter wavelengths from the cavity 
(see Fig. 2), the voltage is 


Ey = : im Zo? x (2) 
i) aoRinte 


Far from resonance, Z=0 and the impedance across the 
line an odd multiple of one-quarter wavelengths from 
the cavity is infinite. In this case, the voltage measured 
across this point on the line is equal to E. 

The ratio of the voltage far from resonance to that at 
resonance is 


E R,N? 
Feel ees 


tale (3) 


The cavity coupling factor—commonly symbolized 
as 6—is used in specifying the performance of line ter- 
minating cavities. It is defined as the normalized cavity 
impedance at resonance or 
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R.N? mittance of the cavity near resonance may be written as 
B — 
Zo pet 
eee: | Bey @ ; Y =G, + jG.Qo — (7) 
By substituting 8 for R,N?/Z» in (3) and rearranging, fo 
there results p 2 ; : 
and the equivalent circuit of the cavity may be shown as 
Bese ies ke (9) in Fig. 3(a) and 3(b). 


Cavity Q Factor 
If it were possible to measure the voltage at the cavity 


itself, its loaded Q may be found from 


Eel 


Cn Oa (6) 


where fo=the resonant frequency of the cavity, Af= 
the difference between the resonant frequency and the 


At resonance the cavity admittance reduces to Y=G, 
and Fig. 3(a) applies at points a multiple of half-wave- 
length from the cavity. 

Near resonance at points a multiple a half-wave- 
lengths from the cavity Fig. 3(d) applies. The correction 
term’ added due to the small shift in wavelength is 


sin fa ae 
dY = jne(~*) (P1799 2) 


g 


(8) 


frequency at which the voltage is .707 of that at reso- 
nance. Since it is usually impossible to measure the volt- 
age at the cavity, it may be measured at multiples of a 
half-wavelength from the cavity. 

If the cavity Q is high and the distance between the 
point of measurement and the cavity is small, negligible 
error will result. As the distance from the cavity in- 
creases and as the Q becomes lower, an error is intro- 
duced. This error is caused by the fact that the measure- 
ment point is only a multiple of a half-wavelength at 
one discrete frequency. Thus if the point is exactly a 
multiple of one-half wavelength for the resonant fre- 
quency, it will be slightly more or less for the .707 volt- 
age points. Under these conditions, a correction term 
must be added to the impedance of the cavity when itis 
off resonance. 

To simplify the expressions, normalized admittance 
will be used and NV will be assumed to be unity. The ad- 


(d) 


Fig. 3—Equivalent circuit of cavity in terms of admittance. 


where 


G,= the conductance of the cavity 
m=the number of half wavelengths between the 
point of measurement and the cavity 
A, = guide wavelength 
\o = free space wavelength. 


If the magnitude of the voltage at a frequency Af from 
resonance is set equal to ./2/2 times its magnitude at 
resonance, there results 


.107 1 
VoceGe 


0 


VochGe + j6.Q0> + ine (“Va os) ) 


3N. Marcuvitz, “Waveguide Handbook,” McGraw-Hill Book 
Co., Inc., New York, N. Y., p. 13; 1951. 
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solving for Q¥ there finally results 
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(10) 


f d?\? /1 
Qn = 24/1 — Ine ( (SH 
2af My ae 


DISCUSSION 


The equipment used for measurement is very similar 
to that described by Montgomery, except that a slotted 
section and probe are placed before the cavity. The out- 
put of this probe is used for the vertical deflection of the 

oscilloscope. The law of the crystal detector must be 
taken into account when determining the various meas- 
ured voltages. 

__ The coupling parameter is found by presenting a com- 
plete klystron mode on the oscillograph screen, and ad- 
justing the probe in the slotted section to a position a 
multiple of quarter-wavelengths from the point in the 
line at which the cavity is effectively a short circuit. 
This probe position produces a maximum mode height 
(Fig. 4(a)). The cavity is then tuned so that its dip lies 
on the center of the mode. The value of R is obtained as 
shown in Fig. 4(b). 


R= 
(a) (b) 


Fig. 4—Oscilloscope patterns obtained when measuring 
the cavity coupling parameter. 


The cavity loaded Q is found by adjusting the probe 
position to a multiple of half-wavelengths from the 
| cavity. This position is obtained when the mode height 

on the oscilloscope is made a minimum with the cavity 
off resonance. The cavity is then tuned to produce a 
-cavity band pass characteristic at the center of the 
mode. Alternately, if the 8 measurement had been made 
first and the cavity and oscillator were set to the correct 
frequency the probe position may be varied to produce 
a symmetrical band pass characteristics on the oscillo- 
_scope (Fig. 5). The loaded Q of the cavity is then ob- 
tained by measuring 2 Af by any of the well known 
/ methods. 
The following assumptions were made in deriving the 
theory of these measurements: 

1) Zero line loss between cavity and point of meas- 
urement 
2) Zero coupling loss 
3) High cavity Q factor 
4) Negligible probe or voltmeter error and loading 
5) Matched generator. 


4 Montgomery, op. cit., p. 396. 


1 ~~ re 8) 1 
(a | a f 
Or Xo fede Oh 


At microwave frequencies assumptions 1, 2, 3, and 4 are 
usually true and 5 can be accomplished by tuning or by 
using matched attenuators. Hence, the errors in the 
measurements due to these factors are negligible for 
production line testing. 


FREQUENCY 


MARKER 
ex 


Fig. 5—Oscilloscope pattern obtained when 
measuring the cavity Q factor. 


Tests were made on various cavities at X and C bands 
with this method and the point by point VSWR method. 
The apparatus available for the tests by the VSWR 
method allowed measurement of 2Af to no better than 
+0.8 mc/sec. The results obtained by both methods 
compare quite well. Table I gives a comparison of the 
results obtained on C band cavities when the probe was 
set at a position three half-wavelengths from the cavity. 


TABLE I 
COMPARISON OF RESULTS BY Two METHODS 


Simplified method Point by point 
Cavity, vswr method 

B QL B On 
No. 1 0.48 11300 0.50 14000 
No. 2 1.00 11300 1.01 11300 
No. 3 iWealal 6900 iets} 6900 
No. 4 0.74 5400 0.74 5650 
No. 5 de ANC) 2350 2220) 2350 


A cavity with a loaded Q of 2700 and a coupling 
parameter of 1.4 was tested for Q at a probe position 
9/2 wavelengths from the cavity and at a second point 
3/2 wavelengths from the cavity. The difference in 
measured Q between these two points was 14%+4% 
per wavelength. The theoretical correction using equa- 
tion 10 is 14%. There is good correlation between the 
measured and theoretical corrections both of which are 
low. Thus, for most production line measurements the 
application of the correction is unnecessary, and the 
loaded Q is obtained from (6). 
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Correspondence 


‘‘Double-Ridge Waveguide”’ 


Dr. Seymour Cohn has pointed out that 
the equation for attenuation as shown on 
page four of the article “Double-Ridge 
Waveguide for Commercial Airlines Weather 
Radar Installation”! by the undersigned 
should be corrected to read as follows: 


aw, l 2 fe ‘ 
a = 6.01 X 10%V/F (5+ (=) | 
1 a 


Using a value for K of 1.2 which seems 
reasonable for this geometry, Dr. Cohn has 
computed the attenuation for the double 
ridge guide and obtained numbers of 0.0407 
decibel per foot at 5,400 mc and 0.028 decibel 
per foot at 9,375 me, which agrees rather well 
with measured data. 

I would like to call your attention to the 
fact that the }; in the attenuation formula 
represents the total height of the ridge 
waveguide rather than as shown in Fig. 2 of 
the above article. 

T. N. ANDERSON 
Airtron, Inc. 
Linden, N. J. 


1 Trans. IRE, vol. MTT-3, pp. 2-9; July, 1955. 


On a Variable Impedance 
Termination for Testing High 
Power Components 


In testing microwave components for 
electrical breakdown under high power it is 
generally desirable to simulate conditions 
encountered in a system. For proper evalua- 
tion it is necessary, therefore, to employ a 
termination, the reflection coefficient of 
which is variable and which will handle high 
powers. Our attempt to manufacture a vari- 
able mismatch device similar to those de- 
scribed in the literature! were unsuccessful, 
since we could not obtain sufficiently high in- 


1 Ragan, M.I.T., vol. 9, p. 489. 


sertion vswr without electrical breakdown of 
the tuner. 

One can introduce a variable reflection 
coefficient by using a short slot hybrid junc- 
tion with two of the arms short circuited by 
movable plungers which are displaced from 
each other by an angle @ as shown in Fig. 1. 


ant 
a—~ © @ —» Sheep |= 
TO ANTENNA eae g = zy ao 4 
Ww ‘ 
[sa S< 2G 
| \ | My 
FROM macve non = cea =< ——f 
t:— @ hye @ —». VARIABLE 
SHORT CIRCUIT 
PLUNGERS 


lee 


1,0 ie 
02 04 06 08 410 
DISTANCE BETWEEN SHORT CIRCUIT PLUNGERS— , 


Fig. 1—Insertion vswr of high power phase shifter. 


The vswr introduced into the line as a func- 
tion of //Ag =6/27 is also shown. A device of 
this type has been built and used successful- 
ly at 250-kw peak power with an insertion 
vswr of 2:1 without any signs of breakdown. 

An analysis of this device can be made 
employing the scattering matrix |S|. If a1, 
@2, @3, and du, are the incident waves on ter- 
minals 1, 2, 3 and 4, and dy, be, b3, and b, are 
the waves scattered from these terminals, 
then the relationship 


C= 


January 


| S| |a| = |d| (1) 


describes the junction performance. 
The scattering matrix is easily written as — 


Oo. 0. =j ‘eo? 
0 0 1 —je® 
< — . 4 , (2) 
-j 1 0 O 
et? —jeH®? 0 0 


which includes the displacement of terminal 

4 by the angle 0. 
From (1) is obtained 4 simultaneous | 

equations: 


—jag +ae7% = biv/2 (3) 7 
a3 — jase? = byr/2 (4) 
ja +a, =bw/2 (5) | 

aye? — jase? = b4x/2. (6) 


These equations are subjected to the fol- 
lowing boundary conditions: 


a = 1 (Normalization) (7) . 
= 0 (Matched termination) (8) 


8 
© 
| 


arm is 
by 
ny 


=T\. (11) 


From the above equations one obtains 


1 — 6-79 
T; ee 
2 


= je sin 0. (12), 


The voltage standing wave ratio in terms 
of the magnitude of the reflection coefficient — 


is fi 
i+ || 1+sine } 
1— |r| 1-—sno f 


vswr = 

Similar results may be obtained by using — 

a “folded magic tee” or other hybrid junc 
tion. 

R. J. STEGEN A 

ALVIN ee 

Canoga Corp 

Van Nuys, Calif 
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from 1946 to 1949. From 1949 to 1954, he 
was an associate professor of electrical engi- 
neering at the University of Oklahoma. Since 
1954, he has been a Research Engineer in the 
Aerophysics Department of Goodyear Air- 
craft Corp., Akron, Ohio. 

Dr. Mathis is a member of Sigma Xi, the 
American Institute of Electrical Engineers, 
and the American Mathematical Society. 
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C. H. Mayer (M’47) was born on Decem- 
ber 10, 1921, in Ossian, Iowa. He received 
the B.S. degree in electrical engineering from 
the State University 
of Iowa in 1943, and 
the M.S. degree in 
electrical engineering 
from the University 
of Maryland in 1951. 

In 1943 he joined 
the staff of the Naval 
Research Laboratory 
to work on the devel- 
opment of microwave 
components and an- 
tennas. Since 1948 he 
has been associated 
with the Radio Astronomy program at the 
Naval Research Laboratory. 

He isa registered professional engineer in 
District of Columbia and a member of Sci- 
entific Research Society of America. 
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J. L. Melchor was born on July 6, 1925 in 
Mooresville, N. C. He received the B.S. de- 
gree and the M.S. degree in physics from the 
University of North 
Carolina. His under- 
graduate studies were 
interrupted by mili- 
tary service in the 
U. S. Navy. In 1949 
he worked as a civil- 
ian physicist with the 
U. S. Navy Mine 
Countermeasures Sta- 
tion. Attending the 
University of Notre 
Dame in 1950 he was 
a U. S. Rubber Co. 
Fellow in High Polymer Physics. In 1952 
and 1953 he worked part time with the Mis- 
sile Division of Bendix Aviation Corp, and 
was awarded the Ph.D. degree from Notre 
Dame in 1953. 

Since 1953 he has been with the Electron- 
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ic Defense Laboratory of Sylvania Electric 

Products Inc., and is currently engaged in 

ferrite research at microwave frequencies. 
He is a member of Sigma Xi. 
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P. A. Rizzi (S’50—A’54) was born in Provy- 
idence, R. I., on December 10, 1930. He re- 
ceived the B.S. degree with high honors from 
the University of 
Rhode Island in 1951 
and the M.Eng. and 
D.Eng. degrees in 
electrical engineering 
from Yale University 
in 1952 and 1955. 
During his graduate 
studies, he received 
the Yale University 
Scholarship and the 
Charles LeGeyt For- 
tescue Fellowship. 
Since August, 1954, 
Dr. Rizzi has been engaged in the develop- 
ment of ferrite components and microwave 
filters at the Missile and Radar Division of 
the Raytheon Manufacturing Co. 

Dr. Rizzi is a member of Phi Kappa Phi, 
Sigma Xi, and Tau Beta Pi. 
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Kiyo Tomiyasu(S’41—A’42—-M’49-SM’52) 
was born in Las Vegas, Nev., on September 
25, 1919. He received the B.S. degree in elec- 

; trical engineering from 
the California Insti- 
tute of Technology, 
in 1940, and the M.S. 
degree in communi- 
cation engineering 
from Columbia Uni- 
versity in 1941. With 
a Low Scholarship he 
|) studied at Stanford 

& “2: University and then 
entered Harvard Uni- 
versity to continue 
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graduate work on a Gordon McKay Scholar- 
ship. He served as a teaching fellow and re- 
search assistant at Harvard, and, after re- 
ceiving the Ph.D. degree in 1948, he served 
as instructor. 

In September, 1949, Dr. Tomiyasu joined 
the Sperry Gyroscope Co., in Great Neck, 
N. Y., where he became engineering section 
head for microwave research in the micro- 
wave components department. 

Since August, 1955, he has been employed 
at the General Electric Microwave Labora- 
tory and has been engaged in research and 
advanced development of various micro- 
wave techniques and systems. 

Dr. Tomiyasu is a member of Sigma Xi 
and the American Physical Society. 
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P. H. Vartanian (S’55) was born in Roch- 
ester, N. Y., on June 14, 1931. He received 
the B.S. degree in electrical engineering in 
1953 from the Cali- 
fornia Institute of 
Technology, and the 
M.S. degree from 
Stanford University 
in 1954. At Stanford 
he was a Tau Beta Pi 
Fellow and later a re- 
search assistant at 
the Electronics Re- 
search Laboratory. In 
1951 and 1952 he 
worked part-time at 
the U. S. Naval Ra- 
diological Defense Laboratory on radiation 
detectors. 

In 1954 he joined the Electronic Defense 
Laboratory of Sylvania Electric Products 
Inc., and is engaged in research in microwave 
applications of ferrites. He is also doing work 
at Stanford University under the Honors Co- 
operative Program leading to the Ph.D. de- 
gree in electrical engineering. 

He is a member of Tau Beta Pi. 
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INSTITUTIONAL LISTINGS 


The IRE Professional Group on Microwave Theory and Techniques is grateful for 
the assistance given by the firms listed below, and invites application for Institu- 


tional Listing from other firms interested in the Microwave field. 


AIRCRAFT RADIO CORPORATION, Boonton, N. J. 
Airborne Electronic Equipment, Associated Test Equipment 


AIRTRON, INC., 1102 W. Elizabeth Ave., Linden, N. J. 


Microwave Mixers, Duplexers, Ferrite Devices, Flexible Guides, Castings, Antenna Components; Design & Production 


BOGART MANUFACTURING CORP., 315 Siegel Street, Brooklyn 6, N. Y. 


Microwave Components and Radar Assemblies such as Mixers, Duplexers, Rotating Joints, Dummy Loads, etc. 


COLLINS RADIO CO., Cedar Rapids, lowa 


Complete Industrial Microwave, Communication, Navigation and Flight Control Systems 


ESPEY MFG. CO., INC., Congress and Ballston St., Saratoga Springs, N. Y. 
Mfgrs. of X-Band and S-Band Wavemeters, Attenuators, Thermistor Mounts and Signal Generators 


GENERAL PRECISION LABORATORY INCORPORATED, 63 Bedford Road, Pleasantville, N. Y. 


A Subsidiary of General Precision Equipment Corporation 
Research, Development and Production of Microwave, Radar, Computers, Airborne Electronic Systems 


GORHAM MANUFACTURING CO., Bronze Div., Dept. 781, Providence, R.I. 
Waveguide Components, Rotary Joints, Mixers, Antenna Feeds, Duplexers, Plaster Cast Waveguides 


(Please see back cover for additional names.) 


INSTITUTIONAL LISTINGS (Continued) 


MARYLAND ELECTRONIC MANUFACTURING CORPORATION, College Park, Md. 
Development and Production of Microwave Antennas and Waveguide Components 


MEASUREMENTS CORPORATION, Box 180, Boonton, N. J. 
Specialists in the Design and Development of Electronic Test Instruments 


MICROWAVE DEVELOPMENT LABORATORIES, INC. 
92 Broad St., Babson Park, Wellesley 54, Mass. 
Design, Development and Production of Waveguide Components and Complete RF Assemblies 


NATIONAL INSTRUMENT CO., 23 E. 26 St., New York, N. Y. 
Wide-Band Microwave Equipment, Simulated Flight Instruments, Lobe Switches, Custom Built Precision Apparatus 


RAYTHEON MANUFACTURING COMPANY, 148 California St., Newton 58, Mass. 


Microwave Communications Systems, Radar, Missiles, Cooking Equipment, Tubes and Components 


WEINSCHEL ENGINEERING CO. INC., Kensington, Md. 
Attenuation Standards, Coaxial Attenuators and Insertion Loss Test Sets 


WHEELER LABORATORIES, INC., 122 Cutter Mill Road, Great Neck, N.Y. 


Consulting Services, Research and Development, Microwave Antennas and Waveguide Components 


The charge for an Institutional Listing is $50.00 per issue or $140.00 for four con- 
secutive issues. Applications for Institutional Listings and checks (made out to the 
Institute of Radio Engineers) should be sent to Mr. L. G. Cumming, Technical 
Secretary, Institute of Radio Engineers, | East 79th Street, New York 21, N. Y. 
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